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$EVWUDFW
0RGLILFDWLRQ RI WKH SODVPD IDFLQJ VXUIDFH RI /+' DQG LWV HIIHFWV RQ WKH UHWHQWLRQ DQG
GHVRUSWLRQRI+HZHUHH[DPLQHGE\H[SRVLQJ/VWDLQOHVVVWHHOFRXSRQVWR/+'SODVPDV,Q
WKHHURVLRQGRPLQDQWDUHDIRUPDWLRQRIGHQVH+HEXEEOHVDQGPL[LQJRIGHSRVLWHGLPSXULWLHV
&2)H&U1L RFFXUUHG LQ D VXEVXUIDFH UHJLRQ RI DERXW QPWKLFN ,Q WKHGHSRVLWLRQ
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 
GRPLQDQWDUHD WKHVXUIDFHZDVFRYHUHGE\DSRURXVFDUERQULFKOD\HU5HWHQWLRQRI+HZDV
VDWXUDWHGLQERWKDUHDV,QWKHHURVLRQGRPLQDQWDUHD+HZDVWUDSSHGE\WKHUDGLDWLRQLQGXFHG
GHIHFWV IRUPHG LQ WKH YHU\ WKLQ VXEVXUIDFH UHJLRQ 7KH FRQFHQWUDWLRQ RI+H WUDSSHG LQ WKH
LPSXULW\GHSRVLWLRQ+H&LQWKHGHSRVLWLRQGRPLQDQWDUHDZDVHVWLPDWHGWREH

 ,QWURGXFWLRQ
/DUJH +HOLFDO 'HYLFH /+' DW 1DWLRQDO ,QVWLWXWH IRU )XVLRQ 6FLHQFH 1,)6 LV D
ZRUOGODUJHVW KHOLRWURQW\SH SODVPD FRQILQHPHQWPDFKLQH HTXLSSHGZLWK D VXSHUFRQGXFWLQJ
KHOLFDO FRLO V\VWHP 7KHUHIRUH DFKLHYHPHQW RI VWHDG\VWDWH SODVPD GLVFKDUJH LV RQH RI WKH
KLJKHVWSULRULW\PLVVLRQVRIWKH/+'SURMHFW6WDLQOHVVVWHHODQGLVRWURSLFJUDSKLWHDUHXVHGLQ
/+'IRUWKHILUVWZDOOSURWHFWLRQSODWHVIRUKHOLFDOVXSHUFRQGXFWLQJFRLOVDQGGLYHUWRUSODWHV
UHVSHFWLYHO\ 8VXDOO\ KHOLXP +H KDV EHHQ XVHG DV WKH GLVFKDUJH JDV IRU ORQJSXOH
GLVFKDUJHVDLPLQJVWHDG\VWDWHRSHUDWLRQ  
7KRXJKWKHSODVPDGXUDWLRQWLPHLVLQFUHDVLQJ\HDUE\\HDUWHUPLQDWLRQRIWKHSODVPDKDV
RFFXUUHGRIWHQZLWKDVXGGHQLQFUHDVHLQLPSXULW\UDGLDWLRQ>@$VSRLQWHGRXWE\7RNLWDQLHW
DO WKLVSKHQRPHQRQLVDWWULEXWHGWRFHUWDLQW\SHVRISODVPDZDOO LQWHUDFWLRQ3:,VXFKDV
DUFLQJ EHWZHHQ WKH SODVPD DQG WKH ZDOO JDV LPSXULW\ HPLVVLRQ DQG H[IROLDWLRQ RI WKH
GHSRVLWHGLPSXULW\OD\HUV>@7HUPLQDWLRQRIORQJSXOVHSODVPDRFFXUVRIWHQQRWRQO\LQ/+'
EXWDOVRLQPDQ\RWKHUPDFKLQHV,QFDVHRI75,$00IRUH[DPSOHZKLFKKDVWKHZRUOG
UHFRUG RI WKH GLVFKDUJH GXUDWLRQ WLPH PRUH WKDQ  KRXUV >@ FRQWURO RI GLVFKDUJH JDV
K\GURJHQGHVRUSWLRQIURPWKHZDOOVXUIDFHVGXHWRJUDGXDOLQFUHDVHRIWKHZDOOWHPSHUDWXUH
ZDV D NH\ IDFWRU WR NHHS GLVFKDUJHV ORQJ >@ /RVV RI WKH SDUWLFOH EDODQFH LV D FRPPRQ
UHDVRQIRUWKHXQH[SHFWHGWHUPLQDWLRQRIORQJSXOVHGLVFKDUJHV 
,QRUGHUWRNHHSWKHSDUWLFOHEDODQFHRQHVKRXOGNQRZLQIOX[DQGRXWIOX[RISODVPDSDUWLFOHV
WKURXJK WKHSODVPDIDFLQJ VXUIDFHV RI WKH ILUVWZDOOV DQG WKHGLYHUWRUV7KHSODVPDSDUWLFOH
RXWIOX[KRZHYHUKDVEHHQWUHDWHGRIWHQDVD³EODFNER[´EHFDXVHWKHGDWDDUHVROLPLWHG,W
GHSHQGVRQWKHSURSHUWLHVRISODVPDIDFLQJVXUIDFHVPRGLILHGE\PDQ\W\SHVRI3:,GHSHQGLQJ
RQWKHJHRPHWULFDOUHODWLRQZLWKWKHSODVPD,QFDVHRI/+'PRGLILFDWLRQRIWKHSODVPDIDFLQJ
VXUIDFHVDUHYDULRXVEHFDXVHWKHLQWHUQDOVKDSHRIWKHYDFXXPYHVVHOLVYHU\FRPSOLFDWHGGXH
WR WKH WKUHHGLPHQVLRQDO KHOLFDO FRQILJXUDWLRQ )RU H[DPSOH WKLFNQHVV DQG PLFURVFRSLF
VWUXFWXUH RI LPSXULW\ GHSRVLWLRQ RQ WKH SODVPDIDFLQJ VXUIDFHV KDYH VWURQJ SRORLGDO DQG
WRURLGDOGHSHQGHQFH>@0RGLILFDWLRQRIGLYHUWRUVXUIDFHLVDOVRYHU\LQKRPRJHQHRXV>@ 
2QH VKRXOG NQRZ WKH GHWDLOV RI WKH WKHUPDO EHKDYLRU RI WKH GLVFKDUJH JDV LQ WKH
SODVPDIDFLQJPDWHULDOV WR XQGHUVWDQG WKH RXWIOX[ SKHQRPHQD XQGHU ORQJSXOVH GLVFKDUJHV
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 
6LPXOWDQHRXV VWXGLHV RQ WKH SK\VLFDO DQG FKHPLFDO SURSHUWLHV RI WKHPRGLILHG VXUIDFHV DUH
DOVRHVVHQWLDO WRXQGHUVWDQGWKHXQGHUOLQLQJPLFURVFRSLFPHFKDQLVPVDQGWRH[WUDSRODWH WKLV
LQIRUPDWLRQWRRWKHUPDFKLQHV 
,QWKLVSDSHUVXUIDFHPRGLILFDWLRQVLQ/+'GXHWR3:,ZLOOEHGHVFULEHGDWILUVWDQGWKHQ
UHWHQWLRQDQGGHVRUSWLRQRI+HZLOOEHGLVFXVVHGDLPLQJEHWWHUXQGHUVWDQGLQJRI WKHSDUWLFOH
EDODQFHRI+HXQGHUORQJSXOHRSHUDWLRQ  

([SHULPHQWDOSURFHGXUHV
   6LQFH WKH /+' FDPSDLJQ &\FOH  GHQRWH DV & LQ  VHYHUDO VHWV RI PHWDOOLF
FRXSRQVKDYHEHHQUHJXODUO\SODFHGIRU3:,VWXG\RQWKHVXUIDFHRIWKHLQQHUZDOOQHDU,DQG
,SRUWV7KHSRVLWLRQVRIWKHFRXSRQVQHDU,SRUWDUHVKRZQLQ)LJE\QXPEHULQJLQWKH
ILJXUH ,Q WKH SUHVHQW ZRUN WKH FRXSRQV RI / VWDLQOHVV VWHHO /66PDWHULDO RI WKH
SODVPD IDFLQJZDOORI/+'DQG WKRVHRI:ZHUHXVHG7KH:FRXSRQVZHUHHPSOR\HG WR
REVHUYHGHSRVLWLRQRI LPSXULWLHV LQFOXGLQJFRQVWLWXHQWHOHPHQWVRI/66)H&UDQG1L
%HFDXVHWKHLQQHUZDOORI/+'LVFORVHWRWKHPDLQSODVPDDQGWKHGLYHUWRUPDGHRILVRWURSLF
JUDSKLWH LV QRW VR IDU DZD\3:, LQ WKLV DUHD VHHPV VWURQJHU WKDQ WKDW DW WKH RXWHUZDOO LQ
JHQHUDO 6XUIDFHPRGLILFDWLRQ RI WKH RXWHUZDOO KDV EHHQ UHSRUWHG DOUHDG\ >@ ,Q/+'+H
SODVPDVZHUH RIWHQ XVHG IRU ERWK ORQJSXOVH GLVFKDUJHV DQG JORZ GLVFKDUJH FOHDQLQJ 7KH
)LJ&URVVVHFWLRQDOYLHZRI/+'DW,SRUW3RVLWLRQVRIWKHFRXSRQVDUHLQGLFDWHG
E\QXPEHUV 
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 
WHPSHUDWXUH RI WKH LQQHU ZDOO PHDVXUHG IURP WKH EDFNVLGH XVLQJ D WKHUPRFRXSOH FKDQJHG
IURP.WR±.XQGHUORQJSXOH+HGLVFKDUJH>@  
  ,Q HDFK H[SHULPHQWDO FDPSDLJQ WKH FRXSRQVZHUH VHW EHIRUH VWDUWLQJ DQG WDNHQ RXW DIWHU
ILQLVKLQJ0LFURVWUXFWXUH DQGPRUSKRORJ\ RI SODVPDH[SRVHG VXUIDFHV RI WKH FRXSRQVZHUH
H[DPLQHG E\ PHDQV RI WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ 7(0 DQG VFDQQLQJ HOHFWURQ
PLFURVFRS\ 6(0 &KHPLFDO FRPSRVLWLRQV ZHUH DQDO\]HG XVLQJ JORZ GLVFKDUJH RSWLFDO
HPLVVLRQVSHFWURVFRS\*'2(6DQG;UD\SKRWRHOHFWURQVSHFWURVFRS\;365HWHQWLRQRI
+HZDVPHDVXUHGE\WKHUPDOGHVRUSWLRQVSHFWURVFRS\7'6*'2(6㻌 DQDO\VLVZDVFDUULHG
RXWDW8QLYHUVLW\RI7R\DPDXQGHUWKHIUDPHZRUNRI1,)6ELODWHUDOFROODERUDWLRQ 

([SHULPHQWDOUHVXOWVDQGGLVFXVVLRQ
0DFURVFRSLFFKDQJHRIWKHSODVPDIDFLQJVXUIDFHV
3LFWXUHVRI3:,FRXSRQVSODFHGQHDUWKH,SRUWDWSRVLWLRQVDQG)LJDQGH[SRVHG
WRWKH/+'SODVPDVLQWKHFDPSDLJQV&&DQG&DUHVKRZQLQ
)LJ  6RPH FRXSRQV
GLVFRORUHGUHPDUNDEO\EXW
RWKHUV NHHS ZHOO WKHLU
RULJLQDOPHWDOOLFJORVV$V
GHVFULEHGODWHULQGHWDLORQ
WKHGDUNDUHDWKHLPSXULW\
GHSRVLWLRQ UDWH H[FHHGV
WKH HURVLRQ UDWH SRVLWLRQ
 ZKLOH RQ WKH PHWDOOLF
JORVV DUHD WKH LQYHUVH
VLWXDWLRQ WDNHV SODFH
SRVLWLRQVDQG,QWKLV
SDSHUPRGLILFDWLRQRIWKH
SODVPDIDFLQJ VXUIDFHV LV
GLVFXVVHG E\ FODVVLI\LQJ
LQWR WZR FDWHJRULHV
GHSRVLWLRQ GRPLQDQW DUHD
'' DUHD DQG HURVLRQ
GRPLQDQWDUHD('DUHD  
)LJ  3LFWXUHV RI FRXSRQV SODFHG QHDU , SRUWV LQ WKH /+'
FDPSDLJQV&&DQG& 
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 
&KDQJHLQPLFURVWUXFWXUH 
   )LJVKRZVW\SLFDO7(0LPDJHVRIWKHPLFURVWUXFWXUHIRUPHGLQWKHQHDUVXUIDFHUHJLRQ
RIWKH/66FRXSRQVSODFHGDW,SRVLWLRQGXULQJWKH&1DPHRIWKHFRXSRQVLVQRWHG
DV&,66KHUHDIWHU0LFURJUDSKVDDQGEDUHWKHWRSYLHZRIWKHSUHWKLQQHGFRXSRQ
DERXW  QPWKLFN DQG WKH FURVVVHFWLRQDO YLHZ UHVSHFWLYHO\ 0LFURVSHFLPHQV IRU WKH
FURVVVHFWLRQDOREVHUYDWLRQZHUHPDQXIDFWXUHGE\XVLQJDIRFXVHGLRQEHDP),%PDFKLQLQJ
$VFDQEHVHHQLQ)LJDYHU\GHQVHZKLWHGRWLPDJHVZKLFKDUH+HEXEEOHVLQQDQRVL]H
>±@ ZHUH REVHUYHG QHDU WKH SODVPDIDFLQJ VXUIDFH /DUJH ZKLWH LPDJHV RI  QP LQ
GLDPHWHUDUHZHOOJURZQ+HEXEEOHVDQGRUGLPSOHVIRUPHGE\WKHH[IROLDWLRQRIQDQREOLVWHUV
'LVORFDWLRQORRSVZLWKEODFNLPDJHVZHUHDOVRIRUPHGGHQVHO\7KHFURVVVHFWLRQDOYLHZ)LJ
 E VKRZV WKDW WKH YLVLEOH EXEEOHV LQ QDQRVL]H DUH IRUPHG LQ WKH VXEVXUIDFH UHJLRQ DW
GHSWKVXSWRaQPDQGODUJHURQHV̱QPLQGLDPHWHUFRQFHQWUDWHLQVKDOORZHUGHSWKVXS
WRQP7KHVHDUHW\SLFDOPLFURVWUXFWXUHVIRUPHGDW WKHSODVPDIDFLQJVXUIDFHVLQ WKH('
DUHDGXHWR+HERPEDUGPHQW$VSUHYLRXVO\PHQWLRQHG+HSODVPDVDUHRIWHQXVHGIRUERWK
ORQJSXOVHGLVFKDUJHVDQGJORZGLVFKDUJHFOHDQLQJLQ/+'
7KH SODVPDIDFLQJ VXUIDFH RI WKH FRXSRQ &,66 ORFDWHG RQ WKH '' DUHD LV
FKDUDFWHUL]HG E\ GDUN EURZQ FRORU &URVVVHFWLRQDO 7(0PLFURJUDSKV RI &,66 DUH
VKRZQ LQ )LJ  7KH VXUIDFH LV FRYHUHG E\ DQ LPSXULW\ GHSRVLWLRQ RI DERXW  QP LQ
)LJ  7(0 LPDJHV RI WKH PLFURVWUXFWXUH IRUPHG LQ /66 FRXSRQV SODFHG DW HURVLRQ
GRPLQDQW,DUHDLQ&&,66DDQGEDUHWRSYLHZRIDSUHWKLQQHGFRXSRQ
DQGFURVVVHFWLRQDOYLHZUHVSHFWLYHO\ 
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 
WKLFNQHVV 'LIIXVH ULQJV LQ DQ HOHFWURQ GLIIUDFWLRQ SDWWHUQ QRW VKRZQ LQGLFDWH WKDW LW LV
DPRUSKRXV7KHGHSRVLWLRQLVQRWKRPRJHQHRXVWKHVXUIDFHLVYHU\URXJKDQGDORWRISRUHV
XSWRDIHZQPLQGLDPHWHUDUHREVHUYHGLQWKHPDWUL[(VWLPDWHGSRURVLW\LVYRO$V
FDQEHVHHQLQWKHPDJQLILHGSLFWXUHLQ)LJEVXEVXUIDFHUHJLRQRIWKHRULJLQDO/66
VXEVWUDWH ZDV KLJKO\ GDPDJHG MXVW DV WKDW LQ WKH (' DUHD ,W VHHPV WKDW WKLV GDPDJH ZDV
IRUPHGE\ORQJ+HJORZGLVFKDUJHFOHDULQJSHUIRUPHGDWWKHEHJLQQLQJRIWKHFDPSDLJQ       
  
&KDQJHLQFKHPLFDOFRPSRVLWLRQ
,WVKRXOGEHUHPLQGHGWKDWWKH:FRXSRQVZHUHSODFHGRQWKHLQQHUZDOOWRREVHUYHHIIHFWV
RI LPSXULW\ GHSRVLWLRQ *'2(6 GDWD RI: FRXSRQV SODFHG DW (' DUHD &,: DQG
&,:DUHVKRZQLQ)LJDDQGEUHVSHFWLYHO\:RUNLQJJDVDQGDQRGHGLDPHWHU
IRUWKHVHPHDVXUHPHQWVDUH$UDQGPPUHVSHFWLYHO\7KHVSXWWHULQJUDWHRI:LQWKHSUHVHQW
PHDVXUHPHQWFRQGLWLRQLVDERXWQPV,QFDVHRI&,:LPSXULWLHVIURPWKHGLYHUWRU
SODWHV&DQGWKHSURWHFWLRQSODWHV)H&UDQG1LZHUHSHQHWUDWHGLQWRWKH:VXEVWUDWHDQG
IRUPHG PL[HG PDWHULDO DW GHSWKV XS WR  QP 6LPLODU PL[HG OD\HU RI DERXW  QP LQ
WKLFNQHVVZDVIRUPHGLQ&,: 
7KH SODVPDIDFLQJ VXUIDFH RI &,: ORFDWHG DW '' DUHD LV FRYHUHG E\ D WKLFN &
GRPLQDQW OD\HU DV VKRZQ LQ )LJ  F &RQWHQW RIPHWDOOLF LPSXULWLHV LV YHU\ VPDOO ;36
DQDO\VLV LQGLFDWHV WKDW WKH )H FRQFHQWUDWLRQ LV DERXW  DW+HDYLO\ GDPDJHG VXEVXUIDFH
)LJDDFURVVVHFWLRQDO7(0LPDJHRILPSXULW\GHSRVLWLRQRQ/66&,66
DQGEDPDJQLILHGLPDJHVKRZLQJWKHLQWHUIDFHEHWZHHQVXEVWUDWHDQGGHSRVLWLRQ 
/+'ࣉࣛࢬ࣐࡟᭚ࡋࡓࢫࢸࣥࣞࢫ㗰ࡢ⾲㠃ኚ㉁࡜࣒࣊ࣜ࢘ࡢ྾ⶶ࣭ᨺฟ
 
 
 
UHJLRQRIWKH:FRXSRQLVYHU\FOHDUQDPHO\\LHOGVRI)H&UDQG1LLQFUHDVHORFDOO\GXHWR
WKHVWURQJUHGHSRVLWLRQXQGHUWKHLQLWLDOJORZGLVFKDUJHFOHDQLQJ

'HSWKSURILOHVRI+H
㻌  'HSWKSURILOHVRI+HLQ/66FRXSRQVZHUHH[DPLQHGE\PHDQVRI*'2(6)RU WKLV
DQDO\VLV1HSODVPDZDVXVHGWRJHWKLJKHUVHQVLWLYLW\IRU+H>@<LHOGVRIHDFKHOHPHQWLQ
&,66 &,66 DQG &,66 DUH SORWWHG LQ )LJ  DJDLQVW VSXWWHULQJ WLPH
'LDPHWHU RI WKH DQRGH XVHG LQ WKHVHPHDVXUHPHQWV LV PP6SXWWHULQJ UDWH RI /66 LV
DERXWQPV 
  ,Q FDVH RI WKH (' DUHD &,66 DQG&,66 LQWHQVLW\ RI+H VLJQDO LQFUHDVHV
DEUXSWO\XSWRDERXWDQGWKHQGHFUHDVHVH[SRQHQWLDOO\ZLWKLQFUHDVLQJVSXWWHULQJWLPHDQG
NHHSVFRQVWDQWDERYHV-XGJLQJIURPWKH\LHOGDVVLJQHGWR+HLQWKHGHHSHUDUHDZKHUHQR
+H H[LVWV LQ DFWXDO EDFNJURXQG RI +H VLJQDO LQ /66 LV  7KH EDFNJURXQG RI +H
VLJQDOLQ:LV>@DQGPXFKORZHUWKDQWKDWLQ/667KHUDWKHUKLJKEDFNJURXQGLQ
/66VHHPVWREHGXHWRSDUWLDORYHUODSSLQJRIHPLVVLRQVSHFWUXPRI+HQPZLWK
)LJ5HVXOWVRI*'2(6DQDO\VHVRIWKH:FRXSRQVSODFHGRQWKH('DUHDDEDQGWKH
''DUHDFDQGH[SRVHGWRWKH/+'SODVPDVGXULQJWKHFDPSDLJQ&,QWKHVH*'2(6
PHDVXUHPHQWV $U SODVPD ZDV XVHG VL]H RI DQRGH ZDV PP LQ GLDPHWHU DQG WKH
VSXWWHULQJUDWHRI:ZDVDERXWQPV 
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 
WKDWRIDFRQVWLWXHQWHOHPHQWRI/66PRVWOLNHO\&U7KHVHUHVXOWVLQGLFDWHWKDW+HLQWKH
SODVPDH[SRVHGFRXSRQVFRQFHQWUDWHLQWKHQDUURZVXEVXUIDFHUHJLRQRIDERXWQPLQGHSWK
DQGWKHDPRXQWRI+HGLYHUJLQJLQWRWKHGHHSHUDUHDLVOLWWOH%\VXEWUDFWLQJWKHEDFNJURXQG
WKH SHDN YDOXH RI +H LQ (' DUHD LV DERXW  9HU\ JRRG DJUHHPHQW EHWZHHQ GHSWK
GLVWULEXWLRQRIGDPDJHVDQGWKDWRI+HLQGLFDWHVWKDW+HDUHWUDSSHGE\WKHUDGLDWLRQLQGXFHG
GHIHFWVVXFKDVEXEEOHV 
,QFDVHRI&,66ORFDWHGRQWKH''DUHDRQWKHRWKHUKDQGVLJQDORI+HQHDUWKHWRS
VXUIDFH LVDERXWEXW LW LQFUHDVHVZLWK LQFUHDVLQJVSXWWHULQJ WLPH LQSURSRUWLRQDO WR WKH
\LHOG RI &U ,W LV PHQWLRQHG DERYH WKDW GHWHFWLRQ RI WKH +H HPLVVLRQ LV QRW RQO\ GXH WR
SUHVHQFHRI+HLWVHOIEXWDOVRGXHWRSUHVHQFHRI&U7KRXJKLWLVGLIILFXOWWRGHWHFW+HDWORZ
FRQFHQWUDWLRQLQWKHLPSXULW\GHSRVLWLRQE\PHDQVRI*'2(6RQHFDQVD\DWOHDVWWKDW+HLV
QRWKLJKO\FRQFHQWUDWHGDVREVHUYHGLQWKH('DUHD 
    
7KHUPDOGHVRUSWLRQRIUHWDLQHG+H 
   5HWHQWLRQDQGGHVRUSWLRQRI+HLQWKHSURWHFWLRQSODWHVDUHYHU\LPSRUWDQWWRXQGHUVWDQG
)LJ 5HVXOWV RI WKH*'2(6DQDO\VHV RI WKH/66FRXSRQVSODFHGRQ WKH('
DUHDDEDQGWKH''DUHDFDQGH[SRVHGWRWKH/+'SODVPDVGXULQJWKHFDPSDLJQ
& 1H SODVPDZDV XVHG WR LQFUHDVH VHQVLWLYLW\ LQ GHWHFWLRQ RI +H >@ 6L]H RI
DQRGHZDVPPLQGLDPHWHUDQGVSXWWHULQJUDWHRI/66ZDVDERXWQPV 
/+'ࣉࣛࢬ࣐࡟᭚ࡋࡓࢫࢸࣥࣞࢫ㗰ࡢ⾲㠃ኚ㉁࡜࣒࣊ࣜ࢘ࡢ྾ⶶ࣭ᨺฟ
 
 
 
SDUWLFOHUHF\FOLQJLQ/+'XQGHUORQJSXOVH+HSODVPDRSHUDWLRQ,QWKHSUHVHQWZRUNWKHUPDO
GHVRUSWLRQ RI +H IURP WKH /66 FRXSRQV H[SRVHG WR /+' SODVPDV &,66 DQG
&,66 ZHUH PHDVXUHG ,Q RUGHU WR XQGHUVWDQG WKH UHSHWLWLRQ HIIHFWV RI SODVPD
GLVFKDUJHV+H LRQV NH9+H î+HPZHUH LQMHFWHG LQWR WKH&,66FRXSRQ
DGGLWLRQDOO\DQGWKHQ7'6VSHFWUXPRI+HZDVPHDVXUHG7KHUPDOGHVRUSWLRQRI+HLQMHFWHG
LQWRYLUJLQ/66>@ZHUHDOVRSORWWHGWRJHWKHUIRUFRPSDULVRQ 
-XGJLQJIURPWKHYHU\GHIHFWLYHPLFURVWUXFWXUHVHH)LJDQGDOVRIURPWKHGLVFXVVLRQE\
%HUQDUG HW DO RQ +HSODVPD LUUDGLDWLRQ HIIHFWV LQ /+' >@ LW LV H[SHFWHG WKDW QRW RQO\
GDPDJH EXW DOVR +H UHWHQWLRQ LQ WKH SODVPDH[SRVHG FRXSRQV KDYH DOUHDG\ UHDFKHG WKH
VDWXUDWLRQOHYHO,Q)LJ7'6VSHFWUDRI+HIURPWKHFRXSRQVPHQWLRQHGDERYHDUHSORWWHG
5DPSLQJUDWHRIWKHWHPSHUDWXUHLV.V7KHDPRXQWRIGHVRUEHG+HIURPHDFKFRXSRQV
DUH VXPPDUL]HG LQ WDEOH  ,W LV QRWDEOH WKDW WKH WRWDO UHWHQWLRQ RI +H LQ &,66 LV
î+HPZKLFKLVRQO\RIWKHVDWXUDWLRQOHYHOZLWKNH9+HLRQLUUDGLDWLRQ,W
ORRNV WKDW VKRUW SHQHWUDWLRQ OHQJWK RI +H XQGHU H[SRVXUH WR WKH SODVPDVZLWKPXFK ORZHU
DYHUDJHHQHUJ\DQGIRUPDWLRQRIQDQREOLVWHUVDUHWKHSRVVLEOHUHDVRQVIRUWKHORZHUUHWHQWLRQ
7KHGHVRUSWLRQRI+HIURP&,66RFFXUVPDLQO\LQWKHWZRWHPSHUDWXUHUDQJHȂ
.DQGȂ.1RWLFHDEOHGLIIHUHQFHVIURPWKH/66FRXSRQVLUUDGLDWHGZLWKNH9
)LJ  7KHUPDO GHVRUSWLRQ RI +H IURP /66 FRXSRQV SODFHG RQ WKH (' DUHD
&,66DQG''DUHD&,66DQGH[SRVHGWRWKH/+'SODVPDGXULQJWKH
FDPSDLJQ&'HVRUSWLRQVSHFWUDIRUYLUJLQ/66LUUDGLDWHGZLWKNH9+HLRQVDW
.>@DUHDOVRSORWWHGIRUFRPSDULVRQ 
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 
+H LRQV LV WKH ODFN RI WZR GHVRUSWLRQ SURFHVVHV GHVRUSWLRQ EHORZ  . DQG ODUJH
FRQWLQXRXV GHVRUSWLRQ XS WR  . 7KH IRUPHU LQGLFDWHV WKDW ZHDNO\ WUDSSHG +H ZKLFK
FRQWULEXWHWRGHVRUSWLRQEHORZ.EHKDYHDVG\QDPLFDOUHWHQWLRQXQGHUWKHORQJSXOVH+H
GLVFKDUJHVEHFDXVHWKHZDOOWHPSHUDWXUHLV൑.7KHZHDNO\WUDSSHG+HGHVRUEVTXLFNO\
DIWHU ILQLVKLQJ WKHGLVFKDUJH -XGJLQJ IURPWKHVPDOO WRWDO UHWHQWLRQQXPEHURI WKH WUDSSLQJ
VLWHVFRQWULEXWLQJWRWKHG\QDPLFDOUHWHQWLRQLVDOVRPXFKVPDOOHUWKDQWKDWHVWLPDWHGIURPWKH
NH9+HLRQLUUDGLDWLRQ  îPVHHWDEOH2QHRIWKHSRVVLEOHPHFKDQLVPVRIWKH
ODUJH+HGHVRUSWLRQXSWR  .REVHUYHGIRUWKHKHDYLO\LQMHFWHG/66LVWKHEOLVWHULQJ
,QFDVHRI&,66KRZHYHUQDQREOLVWHUVKDYHDOUHDG\H[IROLDWHGDQGRU+HKDVDOUHDG\
GHVRUEHG GXH WR QDQRFODFNLQJ 6(0 REVHUYDWLRQ RI KHDWLQJ HIIHFWV RQ WKH VXUIDFH
PRUSKRORJ\LVQHFHVVDU\WRFRQILUPWKHPHFKDQLVP
7RWDOUHWHQWLRQLQWKHLPSXULW\GHSRVLWHGFRXSRQ&,66LVî+HPZKLFKLV
DERXW WZR WLPHV ODUJHU WKDQ WKDW IRU &,66 SODFHG RQ WKH (' DUHD ,QIOXHQFH RI WKH
DGGLWLRQDO LQMHFWLRQRINH9+H LRQV WRî+HPRQWKH7'6VSHFWUXPLV OLWWOH7KLV
PHDQVWKDWWKHUHWHQWLRQRI+HLQWKHGHSRVLWLRQKDVUHDFKHGWKHVDWXUDWLRQ,WLVOLNHO\WKDW+H
ZDV FRGHSRVLWHG ZLWK & DQG GLVWULEXWH KRPRJHQHRXVO\ LQ WKH GHSRVLWLRQ KDYLQJ DYHUDJH
WKLFNQHVVRIQP7KHDYHUDJHFRQFHQWUDWLRQRI+HLQWKHDPRUSKRXVGHSRVLWLRQ+H&LV
HVWLPDWHGWREHDERXW,WVHHPVWKDWWKLVYDOXHLVFORVHWRWKHGHWHFWLRQOLPLWRI*'2(6
5HWDLQHG+HGHVRUEVFRQVWDQWO\EHWZHHQ.DQG.,WLVQRWDEOHWKDWUHWHQWLRQEHORZ
 . LV î +HP ZKLFK LV DERXW  WLPHV ODUJHU WKDQ WKDW RI WKH (' DUHD FRXSRQ
&,667KHVHUHVXOWVLQGLFDWHWKDWWKLFNGHSRVLWLRQOD\HUVSOD\DQLPSRUWDQWSDUWLQWKH
G\QDPLFDO UHWHQWLRQ DQG DOVR DGGLWLRQDO GHVRUSWLRQ GXH WR JUDGXDO LQFUHDVH RI WKH ZDOO
WHPSHUDWXUHXQGHUORQJSXOHVRSHUDWLRQ 

&RQFOXVLRQV
3ODVPDLQGXFHG VXUIDFH PRGLILFDWLRQ RI /66 DQG LWV HIIHFWV RQ WKH UHWHQWLRQ DQG
7DEOH  $PRXQWRIGHVRUEHG+HIURPHDFKFRXSRQV 
/+'ࣉࣛࢬ࣐࡟᭚ࡋࡓࢫࢸࣥࣞࢫ㗰ࡢ⾲㠃ኚ㉁࡜࣒࣊ࣜ࢘ࡢ྾ⶶ࣭ᨺฟ
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GHVRUSWLRQ RI +H ZHUH H[DPLQHG E\ H[SRVLQJ PDQ\ /66 DQG: FRXSRQV WR WKH /+'
SODVPDDW WKH LQQHUSODVPDIDFLQJZDOO RI/+'7KH VXUIDFHPRGLILFDWLRQ FDQEH FODVVLILHG
LQWRWZRW\SHVDVIROORZVHURVLRQGRPLQDQWDUHDDQGGHSRVLWLRQGRPLQDQWDUHD,QWKH
HURVLRQ GRPLQDQW DUHD VXEVXUIDFH OD\HU RI FRXSRQ DERXW  QP LQ WKLFNQHVV LV GDPDJHG
KHDYLO\ E\+H ERPEDUGPHQW XQGHU+H GLVFKDUJH H[SHULPHQWV DQG JORZ GLVFKDUJH FOHDQLQJ
ZLWK+HJDV([WUHPHO\GHQVH+HEXEEOHV LQQDQRVL]HDQGGLVORFDWLRQ ORRSVZKLFK LQGXFH
YHU\VWURQJLQWHUQDOVWUHVVDUHIRUPHGWKHUH'HSRVLWHGHOHPHQWVVXFKDV&DQGHYHQ)H&U
DQG1LZHUHPL[HGZLWKVXEVWUDWHHOHPHQWVGXHWRWKHFROOLVLRQZLWKHQHUJHWLFSDUWLFOHVIURP
WKHSODVPD,QWKHGHSRVLWLRQGRPLQDQWDUHDZLGHDUHDRIWKHLQQHUZDOOZDVFRORUHGE\WKH
GHSRVLWLRQRIFDUERQGRPLQDQWPDWHULDOV&RQWHQWRIPHWDOOLFLPSXULWLHVLVRQO\DERXWDW
,WVVWUXFWXUHLVDPRUSKRXVDQGSRURXV 
5HWHQWLRQRI+HLQWKHHURVLRQGRPLQDQWDUHDLVVDWXUDWHGDWî+HP0RVWRIWKHP
DUHWUDSSHGVWURQJO\E\WKH+HEXEEOHVIRUPHGLQWKH/66VXEVWUDWH:HDNO\WUDSSHG+H
ZKLFKFDQGHVRUEEHORZ.GRHVQRW UHPDLQEHFDXVH WKHVXUIDFH WHPSHUDWXUHXQGHU WKH
GLVFKDUJHLV൑.,WLVFRQVLGHUHGWKDWWKHVH+HSOD\UROHVLQWKHG\QDPLFDOUHWHQWLRQ 
5HWHQWLRQRI+HLQWKH&ULFKGHSRVLWLRQLVDOVRVDWXUDWHG,WVHHPVWKDWWKH\DUHJUDGXDOO\
FRGHSRVLWHGZLWK&DVPXFKDVSRVVLEOHXQGHU+HGLVFKDUJHV$YHUDJHFRQFHQWUDWLRQRI+H
+H&LVDERXW7KHUHWDLQHG+HGHVRUEVDOPRVWFRQVWDQWO\EHWZHHQ.DQG.
7KLV LQGLFDWHV WKDW WKLFNGHSRVLWLRQ OD\HUVSOD\DQ LPSRUWDQWSDUW LQ WKHG\QDPLFDO UHWHQWLRQ
DQGDOVRDGGLWLRQDOGHVRUSWLRQGXHWRJUDGXDOLQFUHDVHRIWKHZDOOWHPSHUDWXUHXQGHUORQJSXOH
GLVFKDUJHV  

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*URZWKDQG&2FKHPLVRUSWLRQVWXG\RISODWLQXPQDQRSDUWLFOHVRQĮ$O2

$NLUD7DJXFKL7RPRKLUR2]DNL

+\GURJHQ,VRWRSH5HVHDUFK&HQWHU
2UJDQL]DWLRQIRU3URPRWLRQRI5HVHDUFK8QLYHUVLW\RI7R\DPD
*RIXNX7R\DPD

5HFHLYHG-DQXDU\DFFHSWHG0DUFK 

$EVWUDFW

3W QDQRSDUWLFOHV VSXWWHUGHSRVLWHG RQ Į$O2 VXSSRUW ZHUH LQYHVWLJDWHG E\ )(6(0
PHDVXUHPHQWVDQG&2FKHPLVRUSWLRQVWXGLHV  3WQDQRSDUWLFOHVIRUPHGLQWKHHDUO\VWDJHVRI
VSXWWHU GHSRVLWLRQZHUHZHOO LVRODWHG DQG WKH SDUWLFOH VL]H GLVWULEXWLRQ RI 3W QDQRSDUWLFOHV
HYDOXDWHG E\ )(6(0 PHDVXUHPHQWV ZDV QDUURZ  /RQJHU VSXWWHU GHSRVLWLRQ UHVXOWHG LQ
JURZWKDQGFRDOHVFHQFHRI3WQDQRSDUWLFOHV  6XFKD WUDQVLWLRQRI3W IURPQDQRSDUWLFOHV WR
ILOPE\VSXWWHUGHSRVLWLRQZDVSURSHUO\HYDOXDWHGE\&2FKHPLVRUSWLRQVWXGLHV  
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
,QWURGXFWLRQ
 6SXWWHUGHSRVLWLRQD³GU\´LPSUHJQDWLRQPHWKRGWKDWGRHVQRWXVHDQ\VROYHQWRUOLTXLG
IRUFDWDO\VWSUHSDUDWLRQKDVJDLQHGDWWHQWLRQEHFDXVHLWKDVVHYHUDODGYDQWDJHVDVFRPSDUHG
WR WKH FRQYHQWLRQDO ³ZHW´ LPSUHJQDWLRQ PHWKRG  )RU H[DPSOH GU\ SURFHVVHV HQDEOH
HIILFLHQW ZDVWH KDQGOLQJ ZKLFK UHGXFHV WKH ZDVWH UHOHDVHG WR WKH HQYLURQPHQW  )XUWKHU
VSXWWHU GHSRVLWLRQ IURP D VRXUFH WDUJHW DOORZV WKH GHSRVLWLRQ RI GHVLUHG FRPSRQHQWV RQ D
VXEVWUDWH ZLWKRXW LPSXULWLHV  $QRWKHU DGYDQWDJH RI XVLQJ VSXWWHU GHSRVLWLRQ IRU FDWDO\VW
SUHSDUDWLRQLVWKDWWKHQDQRSDUWLFOHVDUHIRUPHGLQDSSURSULDWHFRQGLWLRQV>@  7RDFKLHYH
WKHVH SULQFLSDO EHQHILWV QRYHO VSXWWHU GHSRVLWLRQ V\VWHPV IRU WKUHHGLPHQVLRQDO VXUIDFHV RI
SRZGHU VXEVWUDWHV UDWKHU WKDQ IRU FRQYHQWLRQDO WZRGLPHQVLRQDO IODW VXUIDFHV KDYH EHHQ
GHYHORSHGE\VHYHUDOUHVHDUFKJURXSV>@  $X>@92[>@3W5XDOOR\>@
DQG 5X >@ ZHUH FKRVHQ DV DFWLYH VSHFLHV DQG WKH FDWDO\VWV REWDLQHG KDG FHUWDLQ LQWULQVLF
SURSHUWLHV UHVXOWLQJ IURPWKHGU\ LPSUHJQDWLRQPHWKRG  )RUH[DPSOH9HLWKHWDO UHSRUWHG
WKDW$X7L2REWDLQHGE\GFPDJQHWURQVSXWWHULQJZDVVWUXFWXUDOO\VWDEOHZKHQKHDWHGWR
&LQDLUZKHUHDVWKDWREWDLQHGE\WKHZHWPHWKRGZDVHDVLO\GHDFWLYDWHG>@ 
 $PRQJ WKHVHSXEOLFDWLRQV >@ WKHUPDO WUHDWPHQWRI VSXWWHUGHSRVLWHGQDQRSDUWLFOHV
ZDVXVHG WRFRQWURO WKHSDUWLFOHGLDPHWHUDOWKRXJKRWKHU UHVHDUFK LQGLFDWHV WKDWDSSURSULDWH
FRQGLWLRQVIRUVSXWWHUGHSRVLWLRQDOORZVWKHFRQWURORIWKHSDUWLFOHGLDPHWHURIQDQRSDUWLFOHV
>@  +HUH ZH KDYH LQYHVWLJDWHG WKH JURZWK RI 3W QDQRSDUWLFOHV RQ $O2 SRZGHU
VXEVWUDWHVDVDIXQFWLRQRIWKHGXUDWLRQRIVSXWWHUGHSRVLWLRQ  &KDQJHLQWKHPRUSKRORJ\RI
3W QDQRSDUWLFOHV ZHUH LQYHVWLJDWHG E\ )(6(0PHDVXUHPHQWV  &2 FKHPLVRUSWLRQ VWXGLHV
ZHUHSHUIRUPHGWRHVWLPDWHWKH3WGLVSHUVLRQDQG3WQDQRSDUWLFOHGLDPHWHU  

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2.1. Preparation 
 7KH FDWDO\VW VXSSRUW Į$O2 ZDV NLQGO\ VXSSOLHG E\ 6XPLWRPR&KHPLFDO &R /WG
7RN\R $$ VXUIDFH DUHD í PJ LQ FDWDORJ  7KLV ZDV XVHG DIWHU EHLQJ GULHG
RYHUQLJKWLQDQRYHQDW&  7KHPHWDOSODWHVîPPXVHGDVDVSXWWHULQJWDUJHW
ZHUH3WSXULW\  
 6SXWWHUGHSRVLWLRQZDVFRQGXFWHGE\XVLQJDEDUUHOVSXWWHULQJV\VWHP>@  7R
WKH KH[DJRQDO EDUUHO  J RI SRZGHU\ Į$O2 ZDV ORDGHG LQ WKLV VWXG\  $ YDFXXP
FKDPEHU HTXLSSHGZLWK WKH KH[DJRQDO EDUUHO DQG SRZGHU VXEVWUDWHZDV HYDFXDWHG WR î
 3D  +LJK SXULW\ DUJRQ JDV   ZDV JUDGXDOO\ LQWURGXFHG WR WKH HYDFXDWHG
FKDPEHUXS WR3DDQGWKLVSUHVVXUHZDVPDLQWDLQHGGXULQJ WKHVSXWWHUGHSRVLWLRQ  5)
 0+] PDJQHWURQ VSXWWHULQJ ZDV SHUIRUPHG ZLWK DQ 5) SRZHU RI  : IRU DQ
DSSURSULDWH WLPH VHH 7DEOH  DOORZLQJ 3W WDUJHW WR GHSRVLW RQ WKH VXUIDFH RI WKH FDWDO\VW
VXSSRUWV  'XULQJWKHVSXWWHUGHSRVLWLRQDERXWWLPHVRIEDFNDQGIRUWKVZLQJLQJPRWLRQ
SHUPLQXWHZLWKZDVDSSOLHGWRWKHKH[DJRQDOEDUUHOWRVWLUWKHSRZGHUVXEVWUDWHV  
2.2. Characterization 
 &KDUDFWHUL]DWLRQ RI WKH REWDLQHG VDPSOHV ZDV FDUULHG RXW E\ XVLQJ ;UD\ GLIIUDFWLRQ
;5'3KLOLSV3:LQGXFWLYHFRXSOLQJSODVPDDQDO\VLV,&33HUNLQ(OPHU2SWLPD
;/ DQG ILHOG HPLVVLRQ VFDQQLQJ HOHFWURQPLFURVFRS\ )(6(0 -(2/ -60) 
,W VKRXOGEHQRWHG WKDWQRIXUWKHUFRDWLQJRI WKHVSHFLPHQZKLFK LVNQRZQWRPDLQWDLQ WKH
HOHFWURQFRQGXFWLYLW\ZDVFDUULHGRXWLQWKH)(6(0PHDVXUHPHQWVIRUVDPSOHV
 7KH3WGLVSHUVLRQRIWKHSUHSDUHG3W$O2ZDVPHDVXUHGE\&2FKHPLVRUSWLRQPHWKRG
DWDWPRVSKHULFSUHVVXUH  7KHVHVWXGLHVZHUHSHUIRUPHGLQDFRQWLQXRXVIORZUHDFWRUV\VWHP
ZLWKDTXDUW] UHDFWRU PPLQQHUGLDPHWHU  7KH3W$O2 W\SLFDOO\ ORDGHGDW±J
ZDVKHDWHGWR&DWDUDPSUDWHRI&PLQXQGHU+HIORZ  $WWKLVWHPSHUDWXUHIOXLG
JDV ZDV FKDQJHG WR D PL[WXUH RI +   DQG +H EDODQFH DQG WKLV WHPSHUDWXUH ZDV
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PDLQWDLQHGIRUDGGLWLRQDOK  $IWHUSXUJLQJWKHJDV WR+H WKHFDWDO\VW LQ WKHUHDFWRUZDV
FRROHG WR URRP WHPSHUDWXUH  7KHQ WKHFDWDO\VWEHGZDVFRROHG WR & LQDQ LFHEDWKDQG
PDLQWDLQHG IRU  K  $Q DSSURSULDWH DPRXQW PO RI PL[HG JDV RI &2  DQG+H
EDODQFHZDVWKHQLQMHFWHGLQWRWKHFDWDO\VWLQWKHUHDFWRUDQGWKHFRQFHQWUDWLRQRI&2LQWKH
RXWIORZZDVGHWHFWHGE\D WKHUPDOFRQGXFWLYLW\GHWHFWRU7&'  7KH LQMHFWLRQRI&2ZDV
UHSHDWHGXQWLO WKHDPRXQWRI&2LQ WKHRXWIORZEHFDPHFRQVWDQWZKHUH WKH&2DGVRUSWLRQ
ZDV LQ VDWXUDWLRQ  7KH GLVSHUVLRQ RI 3W KHUHDIWHU GHQRWHG DV '&2 ZDV FDOFXODWHG E\
DVVXPLQJDVWRLFKLRPHWU\RI&23WXVLQJWKHIROORZLQJHTXDWLRQ 
  '&2 QXPEHURI&2PROHFXOHDGVRUEHGQXPEHURI3WDWRPORDGHG 
7KH DERYH &2 FKHPLVRUSWLRQ ZDV PHDVXUHG WZLFH IRU HDFK FDWDO\VW  7KH JDV IORZ UDWH
VKRZQDERYHZDVVHWWRPOPLQ  

5HVXOWV
 7KHDPRXQWRI3WGHSRVLWHGE\YDULRXVVSXWWHULQJGXUDWLRQVDQGPLQZDV
HYDOXDWHGE\ ,&3PHDVXUHPHQWV  7KHYDOXHVZHUH IRXQG WREH
DQGZWUHVSHFWLYHO\DVOLVWHGLQ7DEOH  $OLQHDUFRUUHODWLRQEHWZHHQWKHGXUDWLRQ
RIVSXWWHUGHSRVLWLRQDQGWKHDPRXQWRI3WZDVREVHUYHGZKLFKDJUHHGZLWKSUHYLRXVUHSRUWV
>@  +HUHDIWHUVDPSOHVDUHGHQRWHGDV3WxZKHUHxUHSUHVHQWVWKH3WGHSRVLWLRQDPRXQW 
7DEOH  'XUDWLRQ RI VSXWWHUGHSRVLWLRQ IRU SUHSDUDWLRQ RI 3W$O2 DQG WKH VXPPDU\ RI 3W SDUWLFOH
GLDPHWHUHYDOXDWHGE\)(6(0PHDVXUHPHQWVDQG&2FKHPLVRUSWLRQVWXGLHV 
6DPSOH
,'
6SXWWHUGHSRV
LWLRQ 
WLPH
PLQ
3WGHSRVLWLRQ
DPRXQW
ZW
3WGLDPHWHU
)(6(0
QP
&2FKHPLVRUSWLRQVWXG\
&2
DGVRUEHG
J
3W
GLVSHUVLRQ

3W
GLDPHWHU
QP
3W    u  
3W    u  
3W    u  
3W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    u  
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7KH FRORU RI WKH VDPSOH ZDV FKDQJHG IURP ZKLWH WR JUD\ E\ 3W GHSRVLWLRQ DQG EHFDPH
FRQWLQXRXVO\GDUNHUZLWK WKH LQFUHDVHRI3WGHSRVLWLRQ  ;5'PHDVXUHPHQWZDVDWWHPSWHG
EXW GLIIUDFWLRQ VLJQDOV IURP PHWDOOLF 3W ZHUH QRW REVHUYHG HYHQ LQ WKH VDPSOH 3W
EHFDXVHWKHPRVWRIWKHGLIIUDFWLRQOLQHVIURPWKH3WZHUHRYHUODSSHGE\WKRVHIURPĮ$O2  
 )LJVKRZVWKH)(6(0LPDJHVRIXQVXSSRUWHG$O2DQG3W$O2  7KHVXUIDFHRI
WKH XQVXSSRUWHG$O2 LV VPRRWK )LJ  $  $ WHUUDFHOLNH VWUXFWXUH VHHQ LQ WKH XSSHU
ULJKW FRUQHU LV DQ DGKHUHG IUDJPHQW RI $O2 WKDW ZDV XVHG IRU IRFXVLQJ  7KH )(6(0
LPDJH RI 3W LV VKRZQ LQ )LJ  % ZKHUH 3W QDQRSDUWLFOHV ZLWK FLUFXODU VKDSH DUH
REVHUYHG LQ WKH HQWLUH VXUIDFH RI WKH 3W$O2  ,W ZDV DOVR IRXQG WKDW WKH LQGLYLGXDO 3W
QDQRSDUWLFOHV ZHUH LVRODWHG RQ WKH $O2 VXUIDFH  7KH GLVWULEXWLRQ RI WKH GLDPHWHU RI 3W
QDQRSDUWLFOHVZKLFKZDVREWDLQHGIURPPRUHWKDQQDQRSDUWLFOHVLVRYHUODLGLQ)LJ% 
)LJ   )(6(0 LPDJHV RI WKH VXUIDFH RI WKH XQPRGLILHG DQG 3WPRGLILHG VDPSOHV  $ XQPRGLILHG
$O2 %3W &3W '3W (3WDQG )3W  7KHGLDJUDPVVKRZQ LQ
%±)VKRZWKHGLVWULEXWLRQVRIWKHVL]HRI3WQDQRSDUWLFOHVREWDLQHGIURPPRUHWKDQQDQRSDUWLFOHV
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7KHSDUWLFOH GLDPHWHUV UDQJHG IURP WR  QP DQG DERXW RI WKH3W QDQRSDUWLFOHV
ZHUH LQ WKH UDQJH RI ± QP  7KH PHDQ GLDPHWHU REWDLQHG IURP WKH SHDN LQ WKH
*UDP&KDUOLHU ILWWLQJ IXQFWLRQ 2ULJLQ  VRIWZDUH 2ULJLQ/DE &R 0$ 86$ ZDV
FDOFXODWHGWREHDERXWQP7DEOH  7KHVHILQGLQJVLQGLFDWHDJRRGXQLIRUPLW\RIWKH3W
QDQRSDUWLFOHVRQWKHSRZGHUVXEVWUDWHSUHSDUHGE\WKHEDUUHOVSXWWHULQJWHFKQLTXH  
 ,Q 3W DV VKRZQ LQ )LJ  & WKH PHDQ GLDPHWHU RI 3W QDQRSDUWLFOHV ZDV
GHWHUPLQHGWREHQPZKLFKZDVODUJHUWKDQWKDWRI3W  ,WZDVDOVRIRXQGWKDWWKH
SDUWLFOHVL]HGLVWULEXWLRQEHFDPHZLGHU±QPWKDQ3W  7KLVLQGLFDWHVDJURZWK
RI 3W QDQRSDUWLFOHV ZLWK DQ LQFUHDVH LQ WKH GXUDWLRQ RI VSXWWHU GHSRVLWLRQ  +RZHYHU LW
VKRXOG EH QRWHG WKDW HDFK QDQRSDUWLFOH VWLOOPDLQWDLQHG D FLUFXODU VKDSH DQGZDV LVRODWHG 
2QHLQWHUHVWLQJIHDWXUHLQGU\LPSUHJQDWLRQHVSHFLDOO\LQWKHEDUUHOVSXWWHULQJPHWKRGLVWKDW
WKH 3W QDQRSDUWLFOHV IRUPHG ZHUH IUHH RI IDFHWV >@  7KLV LV FRQVLVWHQW ZLWK GDWD IURP
W\SLFDO WZRGLPHQVLRQDO VSXWWHUGHSRVLWLRQ XVHG IRU HSLWD[LDO ILOP JURZWK >@  )RU
H[DPSOH=KDRDQG:RQJUHSRUWHG WKDW3WGHSRVLWHGRQD6U7L2VXEVWUDWHXQGHUKLJK
WHPSHUDWXUHFRQGLWLRQV & UHVXOWHG LQDKLJKO\FU\VWDOOLQH3WSODWHOHW ILOPZKHUHDV3W
GHSRVLWLRQDWDORZWHPSHUDWXUH&UHVXOWHGLQDQLQGLVWLQFWFU\VWDOOLQHILOP>@ 
 ,QWKHVDPSOHRI3WLQ)LJ'DFRDOHVFHQFHRI3WQDQRSDUWLFOHVDSSHDUHGWREH
VWDUWHG  7KHVKDSHRIWKH3WQDQRSDUWLFOHVZDVQRORQJHUFLUFXODU7KH3WQDQRSDUWLFOHVJUHZ
LQ VL]HZLWK WKH UHVXOW WKDW VRPHRI WKHQHDUQHLJKERUVFDPH LQWRFRQWDFW WR IRUP LUUHJXODU
OHQJWKV DQG VKDSHV  7KLV UHVXOWHG LQ WKH VKLIWLQJ DQG WKH ZLGHQLQJ WKH SDUWLFOH VL]H
GLVWULEXWLRQ±QPZKLFKZDVREWDLQHGLQWKHHOHPHQWDU\QDQRSDUWLFOHVDVFRPSDUHG
WR 3W  7KH PHDQ GLDPHWHU RI WKH 3W QDQRSDUWLFOHV ZDV  QP  7KHVH ILQGLQJV
VXSSRUWWRVWDUW WKHWUDQVLWLRQRI3WIURPQDQRSDUWLFOHV WRILOP  %\ORQJVSXWWHUGHSRVLWLRQ
WKH 3W QDQRSDUWLFOHV JUHZ LQ VL]H UHPDUNDEO\ FRDOHVFHG DQG IRUPHG ZRUPOLNH VWUXFWXUHV
ZKLFKLQGLFDWHGDWUDQVLWLRQEHWZHHQLVRODWHGQDQRSDUWLFOHVWRILOP  ,QWKHVDPSOH3W
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KRZHYHU )(6(0 REVHUYDWLRQ UHYHDOHG WKDW WKH FRDOHVFHQW SDUWLFOHV LQ WKH ZRUPOLNH
VWUXFWXUHFRQVLVWHGRIVHYHUDOGLVWLQFWHOHPHQWDU\QDQRSDUWLFOHVDVVHHQ LQ)LJ (  7KH
PHDQGLDPHWHURI VXFKHOHPHQWDU\QDQRSDUWLFOHVZDVHVWLPDWHG WREHQP  ,QDGGLWLRQ
WKH GLVWULEXWLRQ RI WKH GLDPHWHU RI HOHPHQWDU\ QDQRSDUWLFOHV EHFDPH ZLGHU DQG VKLIWHG WR
ODUJHUYDOXHV±QPDVFRPSDUHGWRVDPSOH3W  6XFKDJURZWKDQGFRDOHVFHQFH
RI3WQDQRSDUWLFOHVLQRWKHUZRUGVWKHDJJORPHUDWLRQRI3WQDQRSDUWLFOHVZDVREYLRXVLQWKH
FDVHRI3WDVVHHQLQ)LJ)  7KHSDUWLFOHGLDPHWHUUDQJHGEHWZHHQDQGQP
DQGWKHPHDQSDUWLFOHGLDPHWHUZDVDERXWQP   
 &2FKHPLVRUSWLRQVWXGLHVRIXQPRGLILHGĮ$O2VKRZHGQRVLJQLILFDQW&2XSWDNHOHVV
WKDQLQWKHILUVWLQMHFWLRQ  7KLVVXJJHVWVWKDW&2PROHFXOHVFKHPLVRUEHGRQ3WXQGHU
WKHVHH[SHULPHQWDOFRQGLWLRQV  7KH3WGLVSHUVLRQREWDLQHG'&2LVOLVWHGLQ7DEOHDQGLV
SORWWHG LQ)LJ  DV D IXQFWLRQ RI WKHPHDQSDUWLFOH GLDPHWHU RI 3W REWDLQHG IURP)(6(0
PHDVXUHPHQWV  ,WFDQEHFOHDUO\VHHQLQ)LJWKDWWKHGLVSHUVLRQGHFUHDVHGGUDVWLFDOO\ZLWK
DQLQFUHDVHLQSDUWLFOHGLDPHWHU  
 7KHFKDQJHVLQWKHLGHDOL]HGGLVSHUVLRQ'FDOZKLFKGHSHQGVRQWKHSDUWLFOHGLDPHWHULV
DOVR SORWWHG LQ )LJ   +HUH 'FDO LV
FDOFXODWHG IRU D KHPLVSKHULFDO FU\VWDOOLWH RI
3W SDUWLFOH DV IROORZV  )URP WKH XQLW FHOO
SDUDPHWHURIPHWDOOLF3W-&3'6a
   QP WKH YDOXH RI 3W DWRPLF
GLDPHWHU WKH QXPEHU RI 3W DWRPV SHU XQLW
DUHD LQ D FORVHGSDFNHG SODQH DQG WKDW SHU
XQLW YROXPH LQ D FORVHGSDFNHG ODWWLFH IFF
ZHUHIRXQGWREHQPDWRPVQP
DQG  DWRPVQP UHVSHFWLYHO\  7KH
)LJ  &KDQJHLQWKHGLVSHUVLRQRI3WQDQRSDUWLFOHV
DV D IXQFWLRQ RI SDUWLFOH GLDPHWHU  Ɣ YDOXHV
REWDLQHG IURP &2 FKHPLVRUSWLRQ VWXGLHV ż
WKHRUHWLFDOYDOXHVFDOFXODWHGIURPWKHKHPLVSKHULFDO
FU\VWDOOLWHV
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QXPEHURI3WDWRPVRQWKHQDQRSDUWLFOHVXUIDFH3WVXUIDFHDQGWKDWLQWKHZKROHQDQRSDUWLFOH
3WSDUWLFOHFDQEHUHSUHVHQWHGDVIROORZV 
 3WVXUIDFH   ʌG
î
 3WSDUWLFOH   ʌG
î
+HUH G UHSUHVHQWV WKH GLDPHWHU RI WKH 3W QDQRSDUWLFOH  7KXV 'FDO FDQ EH H[SUHVVHG DV
IROORZV 
 'FDO  3WVXUIDFH3WSDUWLFOH
)RUSDUWLFOHGLDPHWHUVVPDOOHU WKDQDERXWQP)LJ LW LV IRXQG WKDW WKHYDOXHRI'&2
DJUHHV ZHOO ZLWK WKDW RI 'FDO 7KLV PHDQV WKDW WKH UHVXOWV IURP )(6(0 REVHUYDWLRQ
DSSURSULDWHO\ FDSWXUH WKH 3W GLVSHUVLRQ  2Q WKH RWKHU KDQG WKH YDOXH RI '&2 EHFRPHV
VPDOOHU WKDQ WKDW RI 'FDO:KHQ SDUWLFOH GLDPHWHUV DUH JUHDWHU WKDQ DERXW  QP )LJ  
7KH GLYHUJHQFH LQ WKH FDVH RI ODUJH SDUWLFOHV LVPDLQO\ DWWULEXWHG WR FRDOHVFHQFHV RI WKH3W
QDQRSDUWLFOHV EHFDXVH WKH '&2 ZLWK DJJORPHUDWHG QDQRSDUWLFOHV FDQ HDVLO\ FDXVH WKH
XQGHUHVWLPDWLRQRISDUWLFOHGLDPHWHU7KH)(6(0REVHUYDWLRQVGHVFULEHGDERYHDOVRVXSSRUW
WKHFRDOHVFHQFHRI3WQDQRSDUWLFOHVZLWKGLDPHWHUVJUHDWHUWKDQQPZKLFKFRUUHVSRQGVWR
3W  

&RQFOXVLRQV
 $QRYHO³GU\´LPSUHJQDWLRQPHWKRGQDPHGWKHEDUUHOVSXWWHULQJPHWKRGZDVDSSOLHGWR
SUHSDUHĮ$O2VXSSRUWHG3WFDWDO\VWV  ,VRODWHG3WQDQRSDUWLFOHVZLWKDPHDQGLDPHWHURI
 WR  QP ZHUH REVHUYHG E\ )(6(0 PHDVXUHPHQWV RI D VDPSOH RI UHODWLYHO\ VKRUW
GXUDWLRQ RI VSXWWHUGHSRVLWLRQ  &2 FKHPLVRUSWLRQ VWXGLHV UHYHDOHG WKDW 3W GLVSHUVLRQ ZDV
DQGUHVSHFWLYHO\  7KHVHYDOXHVZHUHLQJRRGDJUHHPHQWZLWKWKHRQHVFDOFXODWHG
JHRPHWULFDOO\IURPWKHSDUWLFOHGLDPHWHUV  7KHVHILQGLQJVLQGLFDWHWKDWWKHEDUUHOVSXWWHULQJ
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PHWKRGFDQIDEULFDWHLVRODWHG3WQDQRSDUWLFOHV  )XUWKHU LWVXJJHVWVWKDW WKHGLVSHUVLRQZDV
DSSURSULDWHO\HVWLPDWHGRQWKHEDVLVRI)(6(0PHDVXUHPHQWVZKHQWKHQDQRSDUWLFOHVZHUH
ZHOO LVRODWHG  0RUHRYHU ORQJHU VSXWWHUGHSRVLWLRQ OHG WR JURZWK DQG FRDOHVFHQFH RI 3W
QDQRSDUWLFOHV ZKLFK ZHUH FOHDUO\ REVHUYHG E\ )(6(0  &2 FKHPLVRUSWLRQ VWXGLHV DOVR
VXSSRUWHGWKHDJJORPHUDWLRQRI3WQDQRSDUWLFOHV  

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$SSOLFDELOLW\RI)UHH]LQJ7HFKQLTXHIRU9ROXPH5HGXFWLRQRI:DVWH:DWHU
&RQWDPLQDWHGZLWK5DGLRDFWLYH0DWHULDOV

0DVDR0DWVX\DPDD6KLQVXNH$EHDDQG.DWVXWRVKL7XVLPDE

D+\GURJHQ,VRWRSH5HVHDUFK&HQWHU2UJDQL]DWLRQIRU3URPRWLRQRI5HVHDUFK 
8QLYHUVLW\RI7R\DPD*RIXNX7R\DPD-DSDQ
E)DFXOW\RI6FLHQFH8QLYHUVLW\RI7R\DPD*RIXNX7R\DPD-DSDQ
PDVDRK#HPVXWR\DPDDFMS

5HFHLYHG-DQXDU\DFFHSWHG0DUFK

$EVWUDFW
7KHDSSOLFDELOLW\RIDIUHH]LQJWHFKQLTXHWRWKHUHGXFWLRQRIWKHYROXPHRIZDVWHZDWHUFRQWDPLQDWHGZLWK
UDGLRDFWLYHPDWHULDOVVXFKDV&V6UDQG<KDVEHHQH[DPLQHG6LPXODWHGZDVWHZDWHUFRQWDLQLQJD
WUDFHDPRXQWRIDGGHGQRQUDGLRDFWLYHFHVLXPca.ZWSSPZDVXVHGLQWKLVVWXG\$FRROLQJSLSHZDV
LPPHUVHGLQWKHVLPXODWHGZDVWHZDWHUDQGWKHFHVLXPFRQFHQWUDWLRQLQWKHLFHSURGXFHGDURXQGWKHSLSH
DQG WKH UHVLGXDO ZDWHU ZHUH PHDVXUHG E\ DQ DWRPLF DEVRUSWLRQ VSHFWURPHWU\ DIWHU D JLYHQ WLPH 7KH
WHPSHUDWXUHRIWKHFRROLQJIOXLGIORZHGWKURXJKWKHSLSHZDVUHJXODWHGEHORZ.XVLQJDFRQYHQWLRQDO
FRROLQJGHYLFH7KHFHVLXPFRQFHQWUDWLRQ LQ WKHIRUPHG LFHZDVIRXQG WREHPRUHWLPHV ORZHU WKDQ
WKDW LQ WKH LQLWLDO VLPXODWHG ZDVWH ZDWHU 7KH VDPH UHVXOWV ZHUH REWDLQHG IRU ZDVWH ZDWHU ZLWK DGGHG
UDGLRDFWLYH FHVLXP &V DQG VLPLODU SKHQRPHQD REVHUYHG IRU VLPXODWHG ZDWHU FRQWDLQLQJ VWURQWLXP
\WWULXPDQG1D&OZLWKFHVLXP,WZDVVXJJHVWHGWKDWWKHFHVLXPFRQFHQWUDWLRQLVVWURQJO\DIIHFWHGE\WKH
QXPEHURIEXEEOHVLQWKHLFHFU\VWDOVL]HRIWKHLFHDQGWKHWRWDOLPSXULW\FRQFHQWUDWLRQLQWKHZDVWHZDWHU
2XUUHVXOWVLQGLFDWHWKDWIUHH]LQJLVDSURPLVLQJFDQGLGDWHWHFKQLTXHIRUWKHSURFHVVLQJRIUDGLRDFWLYHZDVWH
ᯇᒣᨻኵ࣭㜿㒊ಙ௓࣭ᑐ㤿຾ᖺ 
 
ZDWHU

㸯㸬⥴ゝ 
  ᖺ  ᭶  ᪥࡟ᮾ໭ᆅ᪉ኴᖹὒἈᆅ㟈ࡀ㉳ࡇࡾ㸪ᮾ໭࠿ࡽ㛵ᮾᆅ᪉ࡲ࡛ࡢᗈ኱࡞ᆅᇦ
࡟⏒኱࡞⿕ᐖࢆࡶࡓࡽࡋࡓࠋᆅ㟈࡟ᘬࡁ⥆࠸࡚ᮾ໭ᆅ᪉ࡢኴᖹὒἢᓊ㒊࡟ࡣ㧗ࡉ P௨ୖࡢ
ᕧ኱ὠἼࡀく᮶ࡋ㸪㝣ᆅࢆ࡞ࡵᑾࡃࡋ࡚ᩘከࡃࡢᐙᒇࢆ◚ቯࡋࡓࠋࡇࡢᕧ኱ὠἼࡣኴᖹὒἢ
ᓊ㒊࡟タ⨨ࡉࢀ࡚࠸ࡓ⚟ᓥ➨୍ཎᏊຊⓎ㟁ᡤ࡟ࡶく࠸࠿࠿ࡾ㸪ཎᏊ⅔ࡣᆅ㟈࡜࡜ࡶ࡟⥭ᛴ೵
Ṇࡋࡓࡀ㸪෭༷࣭ไᚚࢩࢫࢸ࣒➼ࡢ㐠㌿࡟ᚲせ࡞እ㒊㟁ຊࢆ႙ኻࡋ࡚෭༷ࡀ୙ྍ⬟࡜࡞ࡾ㸪
⅔ᚰ ᗘࡀୖ᪼ࡋ࡚⇞ᩱᲬࡀ␗ᖖ࡞㧗 ≧ែ࡟⮳ࡗࡓࠋ୍㒊ࡢཎᏊ⅔࡛ࡣ㧗 ࡛ࡢ⇞ᩱᲬᮦ
ᩱ➼࡜Ỉ࡜ࡢ໬Ꮫ཯ᛂ࡟ࡼࡗ࡚Ⓨ⏕ࡋࡓỈ⣲࡟ࡼࡿ⇿Ⓨࡀ㉳ࡇࡾࠊཎᏊຊᘓᐙࡢ◚ቯࡀ㉳ࡇ
ࡗࡓࠋࡇࡢࡼ࠺࡞≧ἣࡀ㐍⾜ࡍࡿ࡞࠿࡛ཎᏊຊⓎ㟁ᡤ࠿ࡽࡣ኱㔞ࡢᨺᑕᛶ≀㉁ࡀ⚟ᓥ┴ࢆ୺
࡜ࡍࡿᮾ໭࠿ࡽ㛵ᮾᆅ᪉ࡲ࡛ࡢᗈ኱࡞ᆅᇦ࡟㝆ࡾὀ࠸ࡔࠋ⌧ᅾࡢ࡜ࡇࢁཎᏊ⅔࡟ࡣ෭༷Ỉࡀ
౪⤥ࡉࢀ࡚ప ࡟⥔ᣢࡉࢀ࡚࠸ࡿࡀ㸪ཎᏊຊⓎ㟁ᡤᩜᆅෆ࡟ὶࢀ㎸ࡴᆅୗỈࡀ✀ࠎࡢᨺᑕᛶ
≀㉁㸦௨ᚋ㸪ࠕ5,ࠖ࡜グࡍ㸧࡟ࡼࡗ࡚ởᰁࡉࢀ㸪ởᰁỈࡢⓎ⏕ࡀṆࡲࡽ࡞࠸≧ែ࡟࠶ࡿࠋởᰁ
Ỉࡣ኱ᆺࢱࣥࢡ࡟ಖ⟶ࡋࡘࡘ㸪5, ࢆ㝖ཤࡍࡿࡓࡵ࡟ᑓ⏝ࡢ㝖ཤタഛ㸦$/36 ➼㸧ࢆ⏝࠸࡚⥅
⥆ⓗ࡟㝖ᰁసᴗࡀ⾜ࢃࢀ࡚࠸ࡿࠋ
⚟ᓥ➨୍ཎᏊຊⓎ㟁ᡤࡢᩜᆅෆ࠿ࡽⓎ⏕ࡍࡿởᰁỈ࡟ࡣ✀㢮㏆ࡃࡢ5,ࡀྵࡲࢀ࡚࠸ࡿࠋ
୺せ࡞ 5, ࡜ࡋ࡚ࡣ㸪+㸪1L㸪6U㸪<㸪5X㸪5K㸪6E㸪P7H㸪&V㸪P%D ࡞࡝࡛
࠶ࡿ>@ࠋࡇࡢởᰁỈࡣἲᚊ࡛ᐃࡵࡽࢀࡓ⃰ᗘ㸦⃰ᗘ㝈ᗘ㸧ࢆ㉸࠼ࡿ 5, ࢆྵࡴࡓࡵ㸪ᑡ࡞ࡃ
࡜ࡶởᰁỈ୰ࡢྛ 5, ࡢ⃰ᗘࢆ⃰ᗘ㝈ᗘ௨ୗ࡟ࡲ࡛㝖ཤࡍࡿࡇ࡜ࡀせồࡉࢀࡿࠋ࡞࠾ࠊྛ 5,
ࡢ⃰ᗘ㝈ᗘࢆỈศᏊᩘ࡜ࡑࢀࡒࢀࡢ 5, ࡢཎᏊᩘ࡜ࡢẚ࡟᥮⟬ࡍࡿ࡜ 㹼ࡢᗈ࠸⠊ᅖ
࡟ரࡗ࡚࠸ࡿࡀ㸪࠸ࡎࢀࡶᴟࡵ࡚ᑠࡉ࡞ẚ⋡࡛࠶ࡿࠋᚑࡗ࡚㸪ࡇࡢࡼ࠺࡞Ỉ୰ࡢഹ࠿࡞୙⣧
≀ࢆศ㞳࣭⃰⦰ࡍࡿࡓࡵ࡟ࡣᴟࡵ࡚㑅ᢥᛶࡢ㧗࠸㝖ᰁ᪉ἲࡀᚲ㡲࡜࡞ࡿࠋ
ࡇࡢࡼ࠺࡞ởᰁỈ୰ࡢഹ࠿࡞୙⣧≀ࢆศ㞳࣭⃰⦰ࡍࡿ᪉ἲ࡜ࡋ࡚ࡣ㸪+ࢆ㝖࠸࡚ᇶᮏⓗ࡟
ࡣ㸰ࡘࡢ᪉ἲࡀ⪃࠼ࡽࢀࡿࠋ༶ࡕ㸪୍ࡘ┠ࡣ⌧ᅾ㝖ᰁసᴗ࡟㐺⏝ࡉࢀ࡚࠸ࡿࡼ࠺࡞✀ࠎࡢ྾
╔ᮦࢆ⏝࠸࡚ศ㞳ࡍ࡭ࡁ 5,ࡢࡳࢆỈ୰࠿ࡽ㝖ཤࡍࡿ᪉ἲ࡛࠶ࡿࠋࡋ࠿ࡋ࡞ࡀࡽ㸪ඛ࡟㏙࡭ࡓ
ࡼ࠺࡟ởᰁỈ୰࡟ྵࡲࢀࡿ 5,ࡢ⃰ᗘࡣᴟࡵ࡚ప࠸ࡓࡵ㸪ࡇࡢ᪉ἲࢆ㐺⏝ࡍࡿ࡟ࡣ㧗ᛶ⬟࡞྾
╔ᮦࡀせồࡉࢀࡿࠋ୍᪉㸪ởᰁỈ࠿ࡽỈࡢࡳࢆᢤࡁྲྀࡾ㸪5,ࢆ⃰⦰࣭ศ㞳ࡋ࡚ởᰁỈࢆῶᐜ
ࡍࡿ᪉ἲࡀ⪃࠼ࡽࢀࡿࠋࡇࡢ᪉ἲ࡜ࡋ࡚ởᰁỈࢆຍ⇕ࡋ࡚⃰⦰ࡍࡿ⵨Ⓨἲ࠾ࡼࡧởᰁỈࡢ୍
㒊ࢆ෾⤖ࡍࡿị⤖ᬗἲࡀ࠶ࡿࠋ
๓⪅ࡢຍ⇕࣭⵨ⓎἲࡶỈࡢࡳࢆᢤࡁྲྀࡿ᪉ἲࡢ୍ࡘ࡛ࡣ࠶ࡿࡀ㸪ฎ⌮㏿ᗘࢆୖࡆࡿࡓࡵ࡟
ࡣ㧗 ࡛ࡢ᧯స࡜࡞ࡿࡓࡵ࡟ࢩࢫࢸ࣒ࡢᏳ඲ᛶࡢ☜ಖࡀㄢ㢟࡜࡞ࡿࠋᚋ⪅ࡣỈ⁐ᾮࢆ෾⤖ 
ᗘ௨ୗ࡟෭༷ࡋࡓሙྜ㸪⏕ᡂࡍࡿịࡣ୙⣧≀ࢆ᤼㝖ࡋ࡞ࡀࡽᡂ㛗ࡍࡿ࡜࠸࠺ᛶ㉁ࢆ฼⏝ࡋࡓ
ࡶࡢ࡛࠶ࡿࠋࡇࡢị⤖ᬗἲࡣࡇࢀࡲ࡛࡟ࢪ࣮ࣗࢫࡸ࢔ࣝࢥ࣮ࣝ㣧ᩱ࡞࡝ࡢప ⃰⦰࡟฼⏝ࡉ
ࢀ࡚࠸ࡿ᪉ἲ࡛ࡣ࠶ࡿࡀ㸪ᨺᑕᛶởᰁỈࡢฎ⌮࡟㐺⏝ࡍࡿሙྜ࡟ࡣ᳨ウࢆせࡍࡿࠋඛ࡟㏙࡭
ࡓࡼ࠺࡟㸪ởᰁỈ࡟ྵࡲࢀࡿ୙⣧≀࡜ࡋ࡚ࡢ 5,ࡢ⃰ᗘࡣᴟࡵ࡚పࡃ㸪ị⤖ᬗἲࡀ࡝ࡢ⛬ᗘࡢ
ప⃰ᗘࡲ࡛㐺⏝ࡋᚓࡿ࠿ࡣ୙࡛᫂࠶ࡿࠋࡋ࠿ࡋ࡞ࡀࡽị⤖ᬗἲࡣởᰁỈ୰࡟෭༷⟶ࢆᤄධࡍ
ᨺᑕᛶởᰁỈࡢῶᐜ໬࡟ᑐࡍࡿị⤖ᬗἲࡢ㐺⏝ᛶ 
 
ࡿࡔࡅ࡛ởᰁỈࡢ୍㒊ࢆ෾⤖ࡍࡿࡇ࡜ࡀྍ⬟࡛࠶ࡾ㸪ᮏἲࡣ 5,ࡢ⃰⦰࣭ศ㞳ࢩࢫࢸ࣒࡜ࡋ࡚
ࡣᴟࡵ࡚༢⣧࡞ᵓᡂ࡛ᐇ⌧࡛ࡁࡿࠋຍ࠼࡚㸪⎔ቃ᮲௳ࡀྜ⮴ࡍࢀࡤ⮬↛ࡢ෭༷ຠᯝࡶᮇᚅ࡛
ࡁ㸪෭༷࢚ࢿࣝࢠ࣮ࡢ๐ῶࡶྍ⬟࡛࠶ࡿࠋఱࢀࡢ᪉ἲ࡟ࡋ࡚ࡶ㸪ởᰁỈ࠿ࡽỈࡢࡳࢆᢤࡁ࡜
ࡿࡇ࡜ࡀ࡛ࡁࢀࡤ㸪ởᰁỈࡢῶᐜ໬࡜࡜ࡶ࡟ởᰁỈࡢಖ⟶࡟ᑐࡍࡿࣜࢫࢡపῶ࡟ࡘ࡞ࡀࡿࠋ
ࡲࡓ㸪ởᰁỈࡢῶᐜ໬ࡣ㸪⌧ᅾ✌ാ୰ࡢࢭࢩ࣒࢘㝖ཤ⿦⨨ࡸከ᰾✀㝖ཤ⿦⨨࡟ࡼࡿฎ⌮సᴗ
ࡢ㈇ᢸࢆ㍍ῶ࡛ࡁࡿྍ⬟ᛶࡀ࠶ࡿࠋ
 ᮏ◊✲ࡢ┠ⓗࡣ㉸ప⃰ᗘࡢ୙⣧≀ࢆྵࡴởᰁỈ࠿ࡽỈࡢࡳࢆᢤࡁྲྀࡿ᪉ἲ࡜ࡋ࡚ࡢị⤖ᬗ
ἲࡢ㐺⏝ᛶࢆ᳨ウࡍࡿࡇ࡜࡛࠶ࡿࠋୖ㏙ࡢࡼ࠺࡟㸪ởᰁỈ࡟ྵࡲࢀࡿ 5,ࡢ⃰ᗘࡣ ZW SSP
ࡼࡾ㐶࠿࡟ప࠸࡛ࣞ࣋ࣝ࠶ࡾ㸪ởᰁỈ୰࡛ዴఱ࡟⣧⢋࡞ከ⤖ᬗࡢịࢆ〇సࡋᚓࡿ࠿ࡀ᭱ࡶ㔜
せ࡞࣏࢖ࣥࢺ࡛࠶ࡿࠋࡑࡇ࡛㸪㉸ప⃰ᗘࡢࢭࢩ࣒࢘ࢆྵࡴᶍᨃởᰁỈࢆㄪ〇ࡋ㸪࡝ࡢ⛬ᗘࡢ
ࢭࢩ࣒࢘ࡀị୰࡟ྲྀࡾ㎸ࡲࢀࡿ࠿ࢆᐇ㦂ⓗ࡟ㄪ࡭
ࡓࠋࡲࡓ㸪⌧ᐇࡢởᰁỈ࡟ࡣ✀ࠎࡢ 5, ࡀྵࡲࢀ࡚
࠸ࡿࡇ࡜࠿ࡽ㸪5,ࡢ✀㢮࡟ࡼࡿ㝖ཤຠ⋡ࡢ㐪࠸ཬࡧ
ࢭࢩ࣒࢘ࡢ㝖ཤຠ⋡࡟ཬࡰࡍඹᏑඖ⣲ࡢᙳ㡪ࡶㄪ
ᰝࡋࡓࠋຍ࠼࡚㸪ởᰁỈ࡟ࡣ࠿࡞ࡾ㧗⃰ᗘࡢᾏỈࡀ
ྵࡲࢀ࡚࠸ࡿࡇ࡜࠿ࡽ㸪ị⤖ᬗἲࡢ㝖ཤຠ⋡࡟ᑐࡍ
ࡿ 1D&O⃰ᗘࡢᙳ㡪࡟ࡘ࠸࡚ࡶ᳨ウࡋࡓࠋ

㸰㸬ᐇ㦂
2.1ῶᐜ໬ヨ㦂⿦⨨ 
ῶᐜ໬ヨ㦂⿦⨨ࡣ )LJࡢ෗┿࡟♧ࡍࡼ࠺࡟㠀ᖖ
࡟༢⣧࡞ᵓᡂ࡛࠶ࡾ㸪ῶᐜ໬ヨ㦂ᐜჾ㸪஧㔜෭༷⟶㸪
෭༷⿦⨨࠾ࡼࡧᮍ෾⤖Ỉ⁐ᾮࡢᅇ཰ࢱࣥࢡ࠿ࡽᵓ
ᡂࡉࢀ࡚࠸ࡿࠋᚠ⎔⏝෭፹࡜ࡋ࡚࢚ࢳࣝ࢔ࣝࢥ࣮ࣝ
ࢆ୺ᡂศ࡜ࡍࡿ࢚ࢱࣈࣛ࢖ࣥ (&= ࢆ⏝࠸ࡓ෭༷⿦
⨨ࡣ  GPPLQ ࡢὶ㏿࡛Υ⛬ᗘࡲ࡛෭༷ࡀྍ⬟
࡛࠶ࡿࠋῶᐜ໬ヨ㦂ᐜჾࡢᴫ␎ᅗࢆ )LJ࡟♧ࡍࠋ
ヨ㦂ᐜჾࡢ୺ࡓࡿ㒊ศࡣࢫࢸࣥࣞࢫ㗰〇࡛࠶ࡾ㸪
NJ ࡢỈ⁐ᾮࢆධࢀࡿࡇ࡜ࡀྍ⬟࡞ෆᐜ✚ࢆ᭷ࡋ࡚
࠸ࡿࠋ࡞࠾㸪ヨ㦂ᐜჾࡣ Υ⛬ᗘࡢᐊ ࡟⨨࠿ࢀ࡚
࠸ࡿࠋᐜჾእ㠃࡟ࡣ〇ị᫬࡟ᐜჾእ࠿ࡽࡢ⇕ࡢὶධ
ࢆపῶࡍࡿࡓࡵ࡟᩿⇕ᮦࡀᕳ࠿ࢀ࡚࠸ࡿࠋῶᐜ໬ヨ
㦂ᐜჾࡢୖ㒊ࡼࡾᡤᐃࡢᚠ⎔⏝෭፹ࢆ஧㔜෭༷⟶
ෆ࡟ὶࡋ࡚෭༷⟶ࡢእ⾲㠃࡟ịࢆᡂ㛗ࡉࡏࡿࠋᡤᐃ
᫬㛫ᚋ࡟ᮍ෾⤖ᾮࢆヨ㦂ᐜჾୗ㒊ࡢࣂࣝࣈࡼࡾᢤ
ࡁྲྀࡾ㸪ị࡜ᮍ෾⤖ᾮ࡜ࢆ⡆༢࡟ศ㞳࡛ࡁࡿࡼ࠺࡞
ᵓ㐀࡜࡞ࡗ࡚࠸ࡿࠋࡲࡓ㸪ࡇࡢ෭༷⟶࡟ࡣ㐺ᙜ࡞㧗
)LJ  3KRWR RI WKH H[SHULPHQWDO
DSSDUDWXV
)LJ  6FKHPDWLF RI WKH IUHH]LQJ
YHVVHOXVHGLQWKLVVWXG\
,QOHW
2XWOHW
6LPXODWHG
:DWHU
NJ
,QVXODWLQJ
0DWHULDO
&RROLQJ
7XEH
9DOYH
6WDLQOHVV
6WHHO3ODWH
ᯇᒣᨻኵ࣭㜿㒊ಙ௓࣭ᑐ㤿຾ᖺ 
 
ࡉࡢ࡜ࡇࢁ࡟ୖ᪉࡬ࡢịࡢᡂ㛗ࢆᢚไࡋ㝖ᰁຠ⋡ࡢపୗࢆ㜵ࡄࡓࡵ࡟ࢫࢸࣥࣞࢫ㗰〇ࡢ෇┙
ࡀྲྀࡾ௜ࡅࡽࢀ࡚࠸ࡿࠋ࡞࠾㸪ヨ㦂⿦⨨ࡢ༢⣧໬ࡢࡓࡵ࡟Ỉ⁐ᾮࡢ᧠ᢾᶵᵓ➼ࡣྲྀࡾ௜ࡅࡽ
ࢀ࡚࠸࡞࠸ࠋ

2.2 ヨ㦂ᡭ㡰 
෾⤖ヨ㦂࡛ࡣ㸪ඛࡎ㸪୙⣧≀ࡢᣲືࢆㄪ࡭ࡿࡓࡵ࡟㉸⣧Ỉ࡟ 㹼ZWSSPࡢ㠀ᨺᑕᛶࢭ
ࢩ࣒࢘㸦&V㸧ࢆຍ࠼ࡓᶍᨃởᰁỈࢆ NJㄪ〇ࡋࡓࠋࡇࡢỈ⁐ᾮࢆῶᐜ໬ヨ㦂ᐜჾ࡟ධࢀ࡚㸪
෭༷⟶ࢆᤄධࡋ㸪෭༷⿦⨨ࡢ㐠㌿ࢆ㛤ጞࡋࡓࠋࡇࡢ㝿㸪෭፹ࡢ ᗘࡣ㹼Υࢆ᭱ప ᗘ࡜
ࡋ㸪ᐊ ࠿ࡽẁ㝵ⓗ࡟ ᗘࢆୗࡆࡿᡤᐃࡢ෭༷ࣉࣟࢢ࣒ࣛ࡟ᚑࡗ࡚෾⤖ヨ㦂ࢆ⾜ࡗࡓࠋ
ị㸫Ỉ⏺㠃ࡢ ᗘࡣ Υ࡛࠶ࡿࡀ㸪⏺㠃࡛ࡣỈഃ࠿ࡽࡢ⇕ࡢὶධ࡜ᙉไ෭༷࡟ࡼࡿịෆ㒊
࠿ࡽࡢ⇕ࡢὶฟࡀ࠶ࡿࠋᚑࡗ࡚㸪⏺㠃࡬ὶධࡍࡿ⇕ὶࡼࡾ⏺㠃࠿ࡽὶฟࡍࡿ⇕ὶࡀከ࠸࡜ࡁ㸪
ịࡀᡂ㛗ࡍࡿࠋΥ࡛ࡢịࡢ⇕ఏᑟ⋡ࡣ :P.࡛࠶ࡾ㸪ࣃ࢖ࣞࢵࢡࢫ࢞ࣛࢫ㸦:P.㸧
ࡼࡾࡶ㧗࠸ࡀ㸪ࢫࢸࣥࣞࢫ㗰㸦:P.㸧➼ࡢ㔠ᒓࡼࡾࡶ
ࡣࡿ࠿࡟ప࠸>@ࠋịഃ࠿ࡽὶฟࡍࡿ⇕ὶࡣị୰࡛ࡢ ᗘ໙
㓄࡟౫Ꮡࡍࡿࡢ࡛㸪ịࡀཌࡃ࡞ࡿ࡜࡜ࡶ࡟⇕ὶࡣᑠࡉࡃ࡞
ࡿ࠿ࡽ㸪ịࡢᡂ㛗㏿ᗘࡶ㐜ࡃ࡞ࡿࠋỈഃ࠿ࡽὶධࡍࡿ⇕࡜
ịഃ࠿ࡽὶฟࡍࡿ⇕ࡀ➼ࡋࡅࢀࡤịࡢᡂ㛗ࡣ㉳ࡇࡽ࡞࠸ࠋ
 ෭༷ࣉࣟࢢ࣒ࣛ࡟ᚑࡗࡓᡤᐃ᫬㛫ࡢ〇ị㐠㌿ࡀ⤊஢ࡋ
ࡓࡢࡕ㸪ᮍ෾⤖ᾮཬࡧị୰ࡢࢭࢩ࣒࢘⃰ᗘࢆㄪ࡭ࡿࡓࡵ࡟㸪
ඛࡎῶᐜ໬ヨ㦂ᐜჾࡢୗ㒊ࡼࡾᮍ෾⤖ᾮࢆᢤࡁྲྀࡾ㸪⃰ ᗘ
ศᯒ⏝ヨᩱỈ࡜ࡋ࡚ FP⛬ᗘ᥇ྲྀࡋࡓࠋࡑࡢᚋ㸪⏕ᡂࡋ
ࡓịࢆῶᐜ໬ヨ㦂ᐜჾෆ࡛ࡑࡢࡲࡲ⼥࠿ࡋ㸪⃰ ᗘศᯒ⏝ヨ
ᩱỈࢆㄪ〇ࡋࡓࠋࡇࢀࡽࡢヨᩱỈ୰ࡢࢭࢩ࣒࢘⃰ᗘࡣཎᏊ
྾ගศᯒ⿦⨨࡛ ᐃࡉࢀࡓࠋࡲࡓ㸪⡆౽࡞⃰ᗘ ᐃ⏝࡜ࡋ
࡚ᑟ㟁⋡ィࡶే⏝ࡉࢀࡓࠋ

㸱㸬⤖ᯝཬࡧ⪃ᐹ
3.1 㠀ᨺᑕᛶࢭࢩ࣒࢘Ỉ⁐ᾮ࡟ࡼࡿヨ㦂
 ⏕ᡂࡋࡓịࡢ෗┿ࡢ୍౛ࢆ )LJ࡟♧ࡍࠋᮏ෾⤖ヨ㦂
࡛ࡢ᭱⤊෭༷ ᗘࡣΥ࡟タᐃࡉࢀࡓࠋ෗┿࠿ࡽศ࠿ࡿࡼ࠺࡟㸪෇ᰕ≧ࡢ෭༷⟶࿘ᅖ࡟⏕ᡂ
ࡋࡓịࡢ㏱᫂ᗘࡣ㠀ᖖ࡟㧗ࡃ㸪ࡑࡢᙧ≧ࡣ㏫෇㗹ᙧ࡛࠶ࡗࡓࠋ⏕ᡂࡋࡓịࡢᙧ≧ࡣỈ⁐ᾮࡢ
 ᗘศᕸࡀ㛵ಀࡋ࡚࠸ࡿࠋ༶ࡕ㸪Ỉࡣ Υ࡛᭱኱ᐦᗘ࡜࡞ࡿࡀ㸪෾⤖ࡀ㐍ࢇ࡛࠸ࡿ࡜ࡁࡢỈ
 ࡣ Υ௨ୗ࡛࠶ࡿࠋࡇࡢ 㹼Υࡢ ᗘ㡿ᇦ࡛ࡣ ᗘࡢప࠸Ỉ࡯࡝ᐦᗘࡀᑠࡉࡃୖ᪉࡟⛣ື
ࡋࡼ࠺࡜ࡍࡿࠋị⾲㠃࡟᥋ࡍࡿỈࡣ Υࡔ࠿ࡽị⾲㠃࡟ἢࡗ࡚ୖ᪼ὶࢆ⏕ࡎࡿ࡛࠶ࢁ࠺ࠋࡇ
ࡇ࡛ࡣỈᖹ᩿㠃ෆ࡛ぢ࡚ࡶị㸫Ỉ⏺㠃࠿ࡽỈഃ࡟ ᗘศᕸࡀ࠶ࡿࠋịࡢ᥋ࡍࡿỈഃࡢỈᖹ᪉
ྥࡢ ᗘ໙㓄ࡣᗏࡢ᪉࡯࡝኱ࡁࡃ㸪ୖ㠃࡯࡝ᑠࡉ࠸㸦෭ࡓ࠸Ỉࡀୖ᪉࡟ὶࢀ㸪ୖ᪉࡯࡝ప 
ࡢỈࡢᒙࡀཌࡃ࡞ࡿ㸧ࠋヨ㦂ᐜჾࡣᐊ ࡟⨨࠿ࢀ࡚࠸ࡿ࠿ࡽࡑࡢᐜჾእቨ࠿ࡽỈ୰࡬⇕ࡢὶධ
)LJ ([DPSOHRIWKHLFHSURGXFHG
LQWKHIUHH]LQJYHVVHO5XQ1R
ᨺᑕᛶởᰁỈࡢῶᐜ໬࡟ᑐࡍࡿị⤖ᬗἲࡢ㐺⏝ᛶ 
 
ࡀ࠶ࡾእഃࡢỈࡣຍ⇕ࡉࢀࡿ㸦ࡓࡔࡋ Υ௨ୗࡢ ᗘ࡛࠶ࡿ㸧ࡑࡢࡓࡵእቨ࡟ἢࡗ࡚ỿ㝆ὶ
ࡀᙧᡂࡉࢀὶࢀࡣᐜჾࡢᗏ࡟㐩ࡋࡓ࡜ࡇࢁ࡛ị࡟෭ࡸࡉࢀ࡚ୖ᪼ὶ࡟ኚࢃࡿࠋᙉไ᧠ᢾࢆ⾜
ࡗ࡚࠸࡞࠸࡟ࡶ࠿࠿ࢃࡽࡎࡇࡢࡼ࠺࡞Ỉᚠ⎔ࡀᙧᡂࡉࢀࡿࡓࡵ࡟㸪ᗏࡢ᪉࡯࡝Ỉ࠿ࡽị⾲㠃
࡟ὶධࡍࡿ⇕ࡀከࡃ㸪ịࡢᡂ㛗ࡀᢚไࡉࢀࡓ࡜⪃࠼ࡽࢀࡿࠋ
 ࡲࡓ㸪෭༷⟶⾲㠃࠿ࡽᩘ FP ࡢ࡜ࡇࢁࡲ࡛ࡣ⣽࠿࡞ẼἻࡀྵࡲࢀ࡚࠸ࡓࠋẼἻࡣᶍᨃởᰁ
Ỉ୰࡟⁐ゎࡋ࡚࠸ࡓ❅⣲ࡸ㓟⣲➼ࡢ኱Ẽᡂศ࡛࠶ࡿࠋ༶ࡕ㸪෾⤖ヨ㦂ࡢ㛫㸪ᶍᨃởᰁỈࡣ኱
Ẽ࡜᥋ゐࡋ࡚࠾ࡾ㸪୍ᐃ㔞ࡢ኱Ẽᡂศࡀ⁐ゎᖹ⾮࡟࡯ࡰ㐩ࡋ࡚࠸ࡿࠋ෭༷ࡢ㐍⾜࡜࡜ࡶ࡟෭
༷⟶࿘ᅖ࡟ịࡀᡂ㛗ࡋጞࡵ㸪ị㸫Ỉ⏺㠃㏆ࡃ࡟⁐ゎࡋ࡚࠸ࡓẼయࡣ㐣㣬࿴≧ែ࡜࡞ࡾ㸪ị⾲
㠃࡟ẼἻࡀᡂ㛗ࡋጞࡵࡿࠋịࡢᡂ㛗㏿ᗘࡀẼἻࡢᡂ㛗㏿ᗘࡼࡾ᪩࠸ሙྜ㸪ẼἻࢆྲྀࡾ㎸ࢇ࡛
ịࡀᡂ㛗ࡍࡿࡀ㸪᫬㛫࡜࡜ࡶ࡟ịࡢཌࡳࡀቑࡍ࡟ࡘࢀ㸪ịࡢᡂ㛗㏿ᗘࡀ㐜ࡃ࡞ࡗ࡚Ỉ୰ࡢẼ
యศᏊࡢᣑᩓࡸ᪂ࡓ࡟Ⓨ⏕ࡍࡿ⏺㠃࡟ἢ࠺ୖ᪼ὶࡢࡓࡵ⏺㠃ࡢ⁐ᏑẼయ⃰ᗘୖ᪼ࡀᢚ࠼ࡽࢀ㸪
ẼἻࡢྲྀࡾ㎸ࡳࡀ࡞ࡃ࡞ࡿ࡜⪃࠼ࡽࢀࡿࠋẼἻࡢΰධࡣị
ࡢᡂ㛗ࢆ㜼ᐖࡍࡿ࡜࡜ࡶ࡟୙⣧≀ࡢΰධࡢせᅉ࡜࡞ࡾᚓ
ࡿ>@ࠋ
ᮏヨ㦂࡛ࡢịࡢ⏕ᡂ㔞ࡣ  NJ࡛࠶ࡗࡓࠋ෾⤖๓ࡢỈ
⁐ᾮࡢࢭࢩ࣒࢘⃰ᗘࡣ  ZW SSP࡛㸪෾⤖ᚋࡢᮍ෾⤖
ᾮࡣ  ZW SSP࡟⃰⦰ࡉࢀ࡚࠸ࡓࠋࡲࡓ㸪ị୰ࡢࢭࢩ
࣒࢘⃰ᗘࡣ ZWSSP࡛࠶ࡗࡓࠋ㝖ᰁಀ 㸦ᩘDF㸧ࢆ DF 
㸦෾⤖๓ࡢỈ⁐ᾮ୰ࡢࢭࢩ࣒࢘⃰ᗘ㸭〇ịᚋࡢị୰ࡢࢭ
ࢩ࣒࢘⃰ᗘ㸧ࡢࡼ࠺࡟ᐃ⩏ࡍࡿ࡜㸪ᮏヨ㦂ࡢሙྜࡣ DF 
࡜࡞ࡿࠋࡇࡢヨ㦂⤖ᯝࡼࡾị୰ࡢࢭࢩ࣒࢘⃰ᗘࡀỈ⁐ᾮ୰
ࡢ⃰ᗘࡼࡾ࠿࡞ࡾపࡃ࡞ࡗ࡚࠾ࡾ㸪ịࡢᡂ㛗㐣⛬࡛ࢭࢩ࢘
࣒ࢆ᤼㝖ࡋ࡚࠸ࡿࡇ࡜ࡀ▱ࡽࢀࡿࠋࡓࡔࡋ㸪ᐇ㝿ࡢởᰁỈ
࡟ྵࡲࢀࡿ5,ࡢ⃰ᗘ࡜ࡑࢀࡒࢀࡢ5,࡟ᑐࡍࡿ⃰ᗘ㝈ᗘ࡜
ࡢẚࡢ᭱኱್ࡣ ⛬ᗘ࡛࠶ࡾ㸪 ᅇࡢ෾⤖᧯స࡟࠾ࡅࡿ
DFࡢ್࡜ࡋ࡚ࡣᑡ࡞ࡃ࡜ࡶ ௨ୖᚲせ࡛࠶ࡿࠋ
 ࡑࡇ࡛㸪᭦࡟෭༷ࣉࣟࢢ࣒ࣛࡢᨵၿࡸịࡢᡂ㛗㠃ࢆ
ไᚚࡍࡿࡓࡵ࡟ࢫࢸࣥࣞࢫ㗰〇ࡢ෇┙ࢆ㏣ຍࡋ㸪෾⤖
ヨ㦂ࢆ⧞ࡾ㏉ࡋࡓࠋịࡀᡂ㛗ࡋ࡚࠸ࡃ㝿ࡢయ✚⭾ᙇ࡟
Fig. 4 ([DPSOHRI WKHLFHSURGXFHG
LQWKHIUHH]LQJYHVVHO5XQ1R 
Table 1. Typical example of freezing tests for contaminated water containing 
non-radioactive cesium. 
LQLWLDOOLTXLG QRQIUHH]LQJOLT LFH
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ZWSSP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&RROLQJWHPS
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:HLJKW
RIOLT
NJ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RILFH
NJ
7RWDO
ZHLJKW
NJ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&HVLXP&RF
ZWSSP ')
LFH  
LFH  
LFH  
LFH  
LFH  
LFH  
LFH  
LFH  
LFH  
LFH  
LFH  
LFH  
XSSHU LFHXSSHU  
/RFDWLRQRIVDPSOH
LFH
LFH
LFH
ࡼࡾ㸪Ỉ⁐ᾮࡢᾮ㠃ࡣᚎࠎ࡟ୖ᪼ࡍࡿࠋࡑࡢࡓࡵịࡢୖ㠃ࡢᙧ≧ࡣพᆺ࡜࡞ࡾ㸪෭༷୰࡟ị
ࡢୖ㒊࡟ὶࢀ㎸ࢇࡔ⃰⦰Ỉࡀࡑࡢࡲࡲ෾ࡿࡇ࡜࡟࡞ࡾ㸪ị඲య࡜ࡋ࡚ࡢ㝖ᰁ⋡ࢆపୗࡉࡏࡿ
ཎᅉ࡜࡞ࡿࠋࡇࡢࡼ࠺࡞㝖ᰁ⋡ࡢపୗࢆ㜵ࡄࡓࡵ㏫୕ゅᙧࡢࢫࢸࣥࣞࢫ㗰〇ࡢ෇┙㸦)LJ㸧
ࢆ࡜ࡾࡘࡅୖ᪉࡬ࡢịࡢᡂ㛗ࢆᢚไࡋࡓࠋࡇࡢᵝ࡞ᨵၿࢆ⾜ࡗࡓᚋ࡟ᚓࡽࢀࡓịࡢ෗┿ࢆ )LJ
࡟♧ࡍࠋ)LJ࡟♧ࡋࡓịࡼࡾࡶẼἻࡢ㔞ࡀ㐶࠿࡟ᑡ࡞ࡃ࡞ࡾ㸪㏱᫂ᗘࡶ㧗ࡃ࡞ࡗ࡚࠸ࡿࡇ
࡜ࡀศ࠿ࡿࠋࡇࡢヨ㦂࡛ࡢ෾⤖๓ࡢỈ⁐ᾮࡢࢭࢩ࣒࢘⃰ᗘࡣ ZWSSP㸪ị୰ࡢࢭࢩ࣒࢘
⃰ᗘࡣ ZWSSP࡛࠶ࡗࡓࠋ༶ࡕ㸪DF ࡜࡞ࡾ㸪㝖ᰁಀᩘࡣ࠿࡞ࡾᨵၿࡉࢀࡓࠋᅇ
┠௨㝆ࡢヨ㦂⤖ᯝࢆ 7DEOH࡟♧ࡍࠋ⾲ࡼࡾ᫂ࡽ࠿࡞ࡼ࠺࡟ῶᐜ໬ヨ㦂ᐜჾ࡟㐺ࡋࡓ෭༷᮲௳
ࢆ୚࠼ࡿࡇ࡜࡟ࡼࡾ DFࢆ ௨ୖ࡟ࡍࡿࡇ࡜ࡀྍ⬟࡛࠶ࡿࠋ࡞࠾㸪ᅇ┠ࡢヨ㦂࡛ DFࡢ
್ࡀపࡃ࡞ࡗࡓࡢࡣ〇ị୰࡟ịࡢ᭱ୖ㒊࡟⃰⦰ࡋࡓᶍᨃởᰁỈࡢ୍㒊ࡀὶࢀ㎸ࢇࡔࡇ࡜࡟ࡼ
ࡿࡶࡢ࡛࠶ࡿࠋࡲࡓࠊ ᅇཬࡧ  ᅇ┠ࡢ෾⤖ヨ㦂ࡢ๓ᚋ࡟࠾ࡅࡿࢭࢩ࣒࢘㔞ࡢ࣐ࢫࣂࣛࣥ
ࢫࡢ୙୍⮴ࡣᮍ෾⤖ᾮࢆศᯒࡍࡿ㝿࡟౑⏝ࡋࡓࢢࣛࣇ࢓࢖ࢺࢳ࣮ࣗࣈ࡟ࡼࡿ࣓࣮ࣔࣜຠᯝࡢ
ྍ⬟ᛶࡀ࠶ࡿࠋ
 ḟ࡟㸪ị୰ࡢࢭࢩ࣒࢘⃰ᗘศᕸࢆㄪ࡭ࡿࡓࡵ࡟㸪ୖ㏙ࡢ෾⤖ヨ㦂࡜ྠ᮲௳࡛෾⤖ࢆ⾜࠸㸪
)LJ  ࡟♧ࡍࡼ࠺࡟㸱ಶࡢ෇┙≧ࡢịࢆษࡾฟࡋࡓࠋḟ࠸࡛㸪ྛ෇┙ࡢ୍㒊ศࢆịࡢᡂ㛗᪉
ྥ࡟㸲ศ๭ࡋࡓࡶࡢࢆ ᐃ⏝ヨᩱ࡜ࡋ࡚ㄪ〇ࡋࡓࠋ࡞࠾㸪ịࡢษ᩿సᴗࡣసᴗ୰࡟ịࡢ⼥ゎ
ࢆ㜵Ṇࡍࡿࡓࡵ㸪ᙜࢭࣥࢱ࣮࡟㞄᥋ࡍࡿ⌮Ꮫ㒊ࡢప ᐇ㦂ᐊ࡟⛣ືࡋ࡚ᐇ᪋ࡋࡓࠋྛヨᩱ࡟
ྵࡲࢀࡿࢭࢩ࣒࢘⃰ᗘࡢ ᐃ⤖ᯝࢆ 7DEOH ࡟ࡲ࡜ࡵࡓࠋ⾲୰ࡢࠕXSSHUࠖࡣ )LJ ࡟♧ࡋࡓ
᭱ୖ㒊ࡢࢫࢸࣥࣞࢫ㗰ᯈ┤ୗࡢịࢆ♧ࡋ࡚࠸ࡿࠋ⾲ࡼࡾ᫂ࡽ࠿࡞ࡼ࠺࡟㸪DF್࡜ࡋ࡚ࡣ 
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Fig. 9 Photos of ice formed for various concentration of
NaCl. 
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Fig. 10 Photos of ices formed in the contaminated 
water mixed with HCl or NaOH. 
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Table 1. Specification of samples 
Sample 
ID Reagent as quencher Scintilator /g Quencher /g 
A1 Water 14.623 ---- 
A2 Water 13.633 1.005 
A3 Water 12.663 1.999 
A4 Water 11.690 2.981 
A5 Water 10.696 3.997 
A6 Water  9.724 4.979 
D1 Acetone 14.661 ---- 
D2 Acetone 13.655 0.691 
D3 Acetone 12.720 1.533 
D4 Acetone 11.743 2.366 
D5 Acetone 10.727 3.146 
D6 Acetone  9.754 3.925 
D7 Acetone  8.740 4.612 
D8 Acetone  7.741 5.438 
N1 Nitromethane 14.830 ---- 
N1.2 Nitromethane 14.781 0.027 
N1.3 Nitromethane 14.771 0.049 
N1.4 Nitromethane 14.760 0.085 
N1.5 Nitromethane 14.855 0.113 
N1.6 Nitromethane 14.733 0.131 
N1.7 Nitromethane 14.740 0.147 
N2 Nitromethane 14.670 0.170 
N3 Nitromethane 14.599 0.253 
N4 Nitromethane 14.477 0.340 
N5 Nitromethane 14.374 0.425 
N6 Nitromethane 14.271 0.512 
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3.1 ࢩࣥࢳ࣮ࣞࢩࣙࣥࢫ࣌ࢡࢺࣝ  
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ࡣ ḟඖࢩࣥࢳ࣮ࣞࢩࣙࣥࢫ࣌ࢡࢺࣝ㸪ୗẁࡣࡑࡢ ḟඖࢩࣥࢳ࣮ࣞࢩࣙࣥࢫ࣌ࢡࢺ
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D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Fࡣࢽࢺ࣓ࣟࢱ࡛ࣥ࠶ࡿ㸬ࢡ࢚
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+\GURJHQDEVRUSWLRQGHVRUSWLRQEHKDYLRUVRQ3GLQWKHSUHVHQFHRIR[\JHQ
HYDOXDWHGE\HOHFWULFDOUHVLVWDQFHPHDVXUHPHQWV

6DWRVKL$NDPDUXD6DNL)XUXVDWRD0DVDQRUL+DUDD0DVDR0DWVX\DPDD

D+\GURJHQ,VRWRSH5HVHDUFK&HQWHU
2UJDQL]DWLRQIRU3URPRWLRQRI5HVHDUFK8QLYHUVLW\RI7R\DPD
*RIXNX7R\DPD
DND#FWJXWR\DPDDFMS

5HFHLYHG)HEUXDU\DFFHSWHG$SULO 

$EVWUDFW

7R XQGHUVWDQG WKH K\GURJHQ DEVRUSWLRQ DQG GHVRUSWLRQ EHKDYLRUV RI 3G XQGHU DLU ZH
SHUIRUPHGUHDO WLPHPHDVXUHPHQWVRI WKHHOHFWULFDOUHVLVWDQFHRI3GXQGHUJDVPL[WXUHZLWK
YDULRXV R[\JHQ FRQWHQWV 7KH K\GURJHQ DEVRUSWLRQ UDWH ZDV LQGHSHQGHQW RI R[\JHQ
FRQFHQWUDWLRQ&RQYHUVHO\WKHK\GURJHQGHVRUSWLRQUDWHLQWKHSUHVHQFHRIR[\JHQZDVIDVWHU
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WKDQ WKDW ZLWKRXW R[\JHQ VXJJHVWLQJ WKDW WKH DGGLWLRQDO GHVRUSWLRQ SDWK LQFOXGLQJ ZDWHU
IRUPDWLRQUHDFWLRQDSSHDUVLQWKHK\GURJHQGHVRUSWLRQSURFHVVLQWKHSUHVHQFHRIR[\JHQ7KH
K\GURJHQFRQFHQWUDWLRQLQ3GDWHTXLOLEULXPGHFUHDVHGZLWKLQFUHDVLQJR[\JHQFRQFHQWUDWLRQ
LQ JDV SKDVH EHFDXVH WKH K\GURJHQ DGVRUSWLRQ VLWHV EHFRPH SDUWLDOO\ RFFXSLHG E\ R[\JHQ
DWRPV

,QWURGXFWLRQ 
 9DULRXVK\GURJHQ VHQVLQJ V\VWHPVKDYHEHHQGHYHORSHG IRU DSSOLFDWLRQZLWKLQD IXWXUH
K\GURJHQ HQHUJ\ V\VWHP >@ 3G PHWDO DQG DOOR\V DUH XWLOL]HG LQ VRPH K\GURJHQ VHQVLQJ
V\VWHPVDVDGHWHFWLQJPDWHULDOEHFDXVHWKHDGVRUSWLRQDQGDEVRUSWLRQRIK\GURJHQRQLQ3G
PHWDO DQG DOOR\V GHSHQGV RQ WKH JDV SKDVH K\GURJHQ SDUWLDO SUHVVXUH ,Q DGGLWLRQ WKH 3G
PHWDODQGDOOR\VKDYHDQDGYDQWDJHWRDEVRUEK\GURJHQDWURRPWHPSHUDWXUHLQDWPRVSKHUH 
7KH H[LVWHQFH RI R[\JHQ LQ WKH JDV SKDVH LQIOXHQFHV WKH K\GURJHQ DEVRUSWLRQ DQG
GHVRUSWLRQ SURSHUWLHV RI 3G >@ ,W LV LPSRUWDQW WR XQGHUVWDQG TXDQWLWDWLYHO\ K\GURJHQ
DEVRUSWLRQDQGGHVRUSWLRQEHKDYLRUIRU3GPHWDODQGDOOR\VLQWKHSUHVHQFHRIR[\JHQEHFDXVH
WKHNLQHWLFVRIK\GURJHQRQLQ3GPHWDODQGDOOR\VGLUHFWO\DIIHFWV WKHFKDUDFWHULVWLFVRI WKH
K\GURJHQVHQVLQJV\VWHPVXFKDVUHVSRQVHVSHHGDQGWKHGHWHFWLRQOLPLWV)RU3GPHWDOWKLV
EHKDYLRUKDVEHHQLQYHVWLJDWHGE\PDQ\UHVHDUFKHUV>@+RZHYHU OLWWOHKDVEHHQUHSRUWHG
UHJDUGLQJ WKH EHKDYLRU ZLWK 3G DOOR\V0RUHRYHU WKH K\GURJHQ NLQHWLFV ZHUH LQYHVWLJDWHG
WKURXJKJDVSKDVHDQDO\VLVWHFKQLTXHPHDQLQJWKDWFKDQJHVLQWKHK\GURJHQFRQFHQWUDWLRQLQ
3GPHWDODQGDOOR\VZDVRQO\WUDFNHGLQGLUHFWO\>@$VDUHVXOWRIWKHVHLQGLUHFWSUREHVWKH
TXDQWLWDWLYH DQDO\VLV RI WKH K\GURJHQ DEVRUSWLRQ DQG GHVRUSWLRQ HVSHFLDOO\ WKH DPRXQW RI
K\GURJHQDEVRUEHGLQ3GPHWDODQGDOOR\VTXLFNO\EHFRPHVFRPSOH[
7KHHOHFWULFDOUHVLVWDQFHLVRQHZD\WRHVWLPDWHGLUHFWO\WKHK\GURJHQFRQFHQWUDWLRQLQD
K\GURJHQDEVRUELQJPHWDOLQUHDOWLPH>@,WLVZHOONQRZQWKDWWKHK\GURJHQFRQFHQWUDWLRQLQ
3G LV FRUUHODWHG ZLWK WKH HOHFWULFDO UHVLVWDQFH RI 3G >@ DQG WKLV FRUUHODWLRQ FDQ DOVR EH
DSSOLHGZLWKLQDJDVSKDVHK\GURJHQVHQVLQJV\VWHP>@ 
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,QRUGHUWRLQYHVWLJDWHGLUHFWO\WKHK\GURJHQDEVRUSWLRQGHVRUSWLRQEHKDYLRURI3GPHWDO
DQGDOOR\VLQUHDOWLPHDQHOHFWULFDOUHVLVWDQFHPHDVXULQJV\VWHPFRPELQHGZLWKDJDVSKDVH
DQDO\VLV V\VWHPZDV FRQVWUXFWHG:HPHDVXUHG WKH HOHFWULFDO UHVLVWDQFH RI 3G LQ UHDO WLPH
XQGHUDIORZLQJJDVPL[WXUHRIK\GURJHQDQGR[\JHQQLWURJHQJDVHVDQGHYDOXDWHGWKHHIIHFW
RIWKHR[\JHQSDUWLDOSUHVVXUHRQWKHK\GURJHQDEVRUSWLRQGHVRUSWLRQEHKDYLRURI3G 

([SHULPHQWDO
2.1. Dependence of the electrical resistance on hydrogen concentration in Pd
7R REWDLQ D UHODWLRQVKLS EHWZHHQ WKH K\GURJHQ FRQFHQWUDWLRQ LQ 3G DQG WKH HOHFWULFDO
UHVLVWDQFH WKH HOHFWULFDO UHVLVWDQFH XQGHU D K\GURJHQ JDV HQYLURQPHQW ZDVPHDVXUHG 7KH
PHDVXULQJV\VWHPLVVKRZQVFKHPDWLFDOO\LQ)LJ3GVKHHWPPZLGWKPPOHQJWK
DQG  PP WKLFNQHVV ZDV SXUFKDVHG IURP .RMXQGR &KHPLFDO /DERUDWRU\ &R /WG 7KH
VDPSOHFKDPEHUWRFRQWDLQWKH3GVKHHWZDVDWWDFKHGWRDFRQYHQWLRQDOSUHVVXUHFRPSRVLWLRQ
LVRWKHUP PHDVXUHPHQW V\VWHP 7KH DWRPLF UDWLR RI DEVRUEHG K\GURJHQ LQ WKH 3G VKHHW
GHQRWHG DV >+@>3G@ ZDV HVWLPDWHG E\ WKH YROXPHWULFPHWKRG (OHFWULFDOZLUH OHDGVZHUH
DWWDFKHGWRHDFKHQGRIWKH3GVKHHWDQGWKHHOHFWULFDOUHVLVWDQFHZDVPHDVXUHGFRQWLQXRXVO\
GXULQJ WKH K\GURJHQ DEVRUSWLRQ
SURFHVVXVLQJDQHOHFWULFDOUHVLVWDQFH
PHDVXULQJ LQVWUXPHQW .HLWKOH\
,QVWUXPHQWV ,QF W\SH  7KH
IRXUSUREHGFPHWKRGZDVDSSOLHGWR
PHDVXUHHOHFWULFDOUHVLVWDQFH 
7KH GHSHQGHQFH RI WKH HOHFWULFDO UHVLVWDQFH RQ >+@>3G@ LV VKRZQ LQ )LJ  $W ORZ
>+@>3G@WKHUHVLVWDQFHVWHHSO\LQFUHDVHG$VORSHRIWKHUHVLVWDQFHZDVFKDQJHGDW>+@>3G@ 
 DIWHU ZKLFK WKH UHVLVWDQFH LQFUHDVHG OLQHDUO\ ZLWK LQFUHDVLQJ YDOXH RI >+@>3G@
703
53 +HDWHU
5HVLVWDQFHPHDVXULQJLQVWUXPHQW3G VKHHW
+
6WDQGDUGYROXPH
,*
&DSDFLWDQFH
PDQRPHWHU,RQJDXJH
Fig. 1 Schematic view of the electrical 
resistance measurement system under pure 
hydrogen gas. 
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3UHYLRXVO\ REWDLQHG GDWD E\ RWKHU
UHVHDUFKHUV LV DOVR VKRZQ LQ )LJ  >@
$OWKRXJK WKH UHVLVWDQFH PHDVXUHG LQ WKLV
VWXG\ ZDV VOLJKWO\ ODUJHU WKDQ WKRVH
PHDVXUHG E\ RWKHU UHVHDUFKHUV DW KLJKHU
>+@>3G@ YDOXHV WKH UHVLVWDQFH DW >+@>3G@
  ZDV LQ JRRG DJUHHPHQW ZLWK RWKHU
GDWDVHWV 7KLV UHVXOWV PHDQV WKDW WKH
>+@>3G@ YDOXH FDQ EH HVWLPDWHG GLUHFWO\
IURP WKH HOHFWULFDO UHVLVWDQFH RI WKH 3G
VKHHW LQ UHDO WLPH DW >+@>3G@   ,Q JHQHUDO WKH K\GURJHQ VHQVLQJ V\VWHP UHTXLUHV WKH
PHDVXUHPHQW RI K\GURJHQ FRQFHQWUDWLRQ OHVV WKDQ YRO ,Q PHDVXUHPHQWV WDNHQ XQGHU D
IORZLQJ PL[WXUH RI K\GURJHQ QLWURJHQ DQG R[\JHQ JDVHV WKHUHIRUH WKH K\GURJHQ
FRQFHQWUDWLRQLQWKHJDVSKDVHZDVIL[HGWRYROZKLFKLVHTXDOWRN3DRISDUWLDOSUHVVXUH
7KH 3GK\GURJHQ V\VWHP XQGHU  N3D RI K\GURJHQ SDUWLDO SUHVVXUH DW  . VKRZV D
K\GURJHQGLVVROYHGSKDVHĮSKDVHZLWKLQDUHJLRQDWDERXW>+@>3G@7KLVIXOILOOVWKH
UHTXLUHGFRQGLWLRQWRHVWLPDWH>+@>3G@IURPHOHFWULFDOUHVLVWDQFHPHDVXUHPHQWVLQWKLVVWXG\ 
2.2. Measurement system
 7KH V\VWHP XVHG LQ WKLV VWXG\ LV
VFKHPDWLFDOO\ GHSLFWHG LQ )LJ  7KH
V\VWHP FRQVLVWHG RI PL[LQJ JDV
UHJXODWRUV VDPSOH FKDPEHU HOHFWULFDO
UHVLVWDQFH PHDVXUHPHQW LQVWUXPHQW
DQG TXDGUXSROH PDVV VSHFWURPHWHU
406 $ PL[WXUH RI QLWURJHQ DQG
Fig. 2 Dependence of relative electrical 
resistance on hydrogen concentration. 

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Fig. 3 A schematic view of the electrical 
resistance measurement system, usable in real 
time under flowing gas mixtures. 
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R[\JHQJDVHVZDV IORZHGDVDFDUULHUJDVDW WKH UDWHRIFPPLQ7KH IORZUDWHDQG WKH
YROXPH UDWLR EHWZHHQ 1 DQG 2 IRU WKH FDUULHU JDV ZHUH FRQWUROOHG XVLQJ PDVV IORZ
FRQWUROOHUV)XMLNLQ&R/WG)&67/+\GURJHQJDVZDVDGGHGWRWKHFDUULHUJDVDQG
WKH K\GURJHQ JDV FRQFHQWUDWLRQ ZDV DGMXVWHG WR YRO ZKLOH WKH IORZ VSHHG RI WKH WRWDO
PL[WXUH ZDV NHSW DW  FPPLQ 7KH PL[WXUH ZDV IORZHG LQWR WKH VDPSOH FKDPEHU
FRQVWUXFWHGRIKHDWUHVLVWDQWJODVV7KH3GVKHHWLQWKHFKDPEHUZDVWKHVDPHDVWKDWXVHGLQ
WKHHOHFWULFDOUHVLVWDQFHPHDVXUHPHQWVVKRZQLQ)LJ7KHHOHFWULFDOUHVLVWDQFHRIWKHVKHHW
ZDVPHDVXUHGFRQWLQXRXVO\GXULQJWKHJDVPL[WXUHIORZ7KHWHPSHUDWXUHRIWKHFKDPEHUZDV
NHSWDW.XVLQJD ULEERQKHDWHUFRYHULQJ WKHRXWVLGHRI WKHFKDPEHU7KHPL[WXUHZDV
H[KDXVWHG WRDWPRVSKHUH WKURXJKDQRXWOHW LQGLFDWLQJ WKDW WKHSUHVVXUH LQ WKHFKDPEHUZDV
NHSWDWDWPRVSKHULFSUHVVXUH$SDUWRI WKHH[KDXVWPL[WXUHZDVLQWURGXFHGLQWRTXDGUXSROH
PDVVVSHFWURPHWHU$1(/9$04$0DQGPHDVXUHGFRQWLQXRXVO\WKHDPRXQWRIPDVV
QXPEHUm/e LQWKHPL[WXUHZKLFKFRUUHVSRQGVWRWKHPDVVRIDK\GURJHQPROHFXOH

5HVXOWVDQG'LVFXVVLRQ 
 )LJDVKRZVWKHHOHFWULFDOUHVLVWDQFHRIWKH3GVKHHWXQGHUDIORZLQJPL[WXUHDWURRP
WHPSHUDWXUH 7KH HOHFWULFDO UHVLVWDQFH LV DOUHDG\ FRQYHUWHG WR >+@>3G@ $IWHU YRO RI
K\GURJHQZDV DGGHG DW t    LQ SXUH1 DV WKH FDUULHU JDV WKH >+@>3G@ EHJDQ WR LQFUHDVH
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Fig. 4 Time dependence on (a) hydrogen 
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